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Abstract

This research investigates the detailed microstructure-mechanical property relationships
in the weld heat affected zone (HAZ) of commercially fabricated API 5L grade X70 and
X80 line pipe steels. High strength line pipe steels are widely used for the transmission
of energy such as crude oil and natural gas and provide an important service. Although
the combination of high strength and good toughness can be achieved in the base metal
(BM) through the adoption of clean steelmaking, advanced thermomechanical
controlled processing (TMCP) technology and tailored alloy design, the welding
thermal cycles can dramatically change the properties in the HAZ. Microalloying
addition of Ti is employed to control austenite grain coarsening at the peak temperature
in the HAZ. The formation of thermally stable TiN precipitates is effective in control of
grain growth in the HAZ. This study investigated the microstructure and mechanical
properties of both the actual steel welds and the critical regions produced by Gleeble
weld simulation of X70 steels with different Ti/N ratios ranged from 1.88 to 4.88.
Moreover, the microstructure and properties in the simulated HAZ of high Nb X80 steel
produced by high temperature processing (HTP) were studied.

The mechanical properties in the weld zone of commercially fabricated line pipes are
critical to the in-service operation and reliability of the pipelines. The microstructure of
two-pass submerged arc welding (SAW) joints with various Ti/N ratios, including BM,
HAZ and weld metal (WM), was examined by optical microscope (OM) and scanning
electron microscope (SEM). The hardness profiles across the welds were also recorded.
The strength and Charpy impact toughness of the BM did not appear to be influenced by
Ti/N ratio, within the range evaluated. The toughness of actual welds (V-notch
sectioned 50% HAZ+50% WM) tested at a series of temperatures did not show any
correlation with the Ti/N ratio in the studied range.
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To elucidate the influence of Ti/N ratio on the microstructure and mechanical properties
of a typical commercial line pipe welds, Gleeble thermomechanical simulation was
performed to critically assess the different subzones within the actual weld HAZ, with
specific attention directed to the coarse grained heat affected zone (CGHAZ). The
microstructure of the simulated specimens, over a range of Ti/N ratios was characterised
by means of OM, SEM, electron backscatter diffraction (EBSD) and transmission
electron microscope (TEM). The microstructure of simulated CGHAZs mainly
consisted of a relatively coarse austenite grain size containing packets of aligned
bainitic ferrite laths, with a small volume fraction of martensite-austenite (M-A)
constituent finely dispersed throughout the microstructure. Evaluation of the prior
austenite grain size, transformed microstructure and hardness revealed subtle
differences in mechanical properties as a function of Ti/N ratio. The results confirmed
that stoichiometric ratio of Ti/N provided optimum austenite grain size control and
therefore higher CGHAZ toughness.

Intercritically reheated coarse grained heat affected zone (IC-CGHAZ) is another
critical region in the HAZ of two-pass SAW joints. The simulated IC-CGHAZ was
produced for steels over a range of Ti/N ratios. The microstructure and mechanical
properties of simulated IC-CGHAZ were evaluated over the entire intercritical
temperature range. The IC-CGHAZ exhibited extremely low toughness, and there was
no correlation with Ti/N ratio in the studied range of Ti and N concentrations. The
beneficial effect of near-stoichiometric Ti/N ratio observed in CGHAZ did not translate
to IC-CGHAZ due to the negative effect of blocky M-A constituent along the prior
austenite grain boundaries. Moreover, the IC-CGHAZ toughness gradually improved as
the intercritical temperature increased, but did not return to the values of the original
CGHAZ due to the presence of isolated large M-A particles and coarse microstructure.
Significance of M-A constituent to toughness is firstly related to the location of particles
along prior austenite grain boundaries, followed by the size of individual M-A particles.

For the high Nb, high temperature processed (HTP) steel, the microstructure and
properties of simulated CGHAZs over a range of welding cooling time, from 800°C to
II
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500°C (Δt8/5), to represent different welding processes and production rates. The HTP
steel maintained HAZ fracture toughness over a wide range of heat inputs (HIs), as
evidenced by 20°C lower ductile brittle transition temperature (TB) compared to the
conventional X70 steel. This was attributed to the more homogeneous microstructure,
much finer prior austenite grain size and lower fraction of dispersed M-A islands.
Finally, HTP X80 grade steel, conventional X70 grade steel and HSLA65 steel were
selected to investigate the influence of Nb concentration on the grain coarsening
behaviour in simulated HAZ. The HTP steel with high Nb content (~0.11 wt.%) showed
lower degree of grain coarsening at peak temperature of 1350°C compared to the other
two steels with lower Nb contents.
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1. Introduction

1 Introduction

The market size for oil and gas experienced tremendous growth during the past decades.
So there has been a need for the construction of high strength, larger diameter pipes
used for energy transportation. The pipes for these larger diameter pipelines are
produced by submerged arc welding (SAW) of plate produced in reversing mills. The
SAW uses high heat inputs (HIs) and the steels needed for this kind of pipes must be
suitable for high HI welding without deterioration of the parent pipe properties. It is
important that the heat affected zone (HAZ) be shown to have adequate toughness.

To achieve excellent HAZ toughness in high strength pipeline steels, Ti microalloying
is an effective method. This technology targets the presence of a very fine dispersion of
TiN precipitates which exert a grain boundary pinning action in opposition to the
driving force for grain growth in the weld HAZ. However, different Ti concentrations
and Ti/N ratios have been proposed for HAZ toughness by numerous investigators. The
reported results are generally clouded by the influence of secondary effects associated
with base alloy design and processing, including casting conditions. The line pipe
specifications also have different requirements in control of Ti, N levels and Ti/N ratios.
Thus, one objective of this research work was to identify and clarify the effect of Ti/N
ratio on the microstructure and properties in the critical weld HAZ regions of X70 pipes.
A unique set of pipes, with only variations in Ti and N concentrations but otherwise
identical, were selected for this investigation.

The high Nb steel has provided another incremental improvement in the HAZ properties
of steels for gas transmission pipelines. The steel typically contains low C content,
microalloyed with Ti but with Nb content around 0.1 wt.%. Despite the wide ranging
research carried out on the role of Nb in steels, there is little work on the effect of
increased Nb concentration on the weld HAZ. Thus, another objective of the present
work is to study the correlation of microstructure and properties of the coarse grained
heat affected zone (CGHAZ) in the high Nb line pipe steel.
1
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2 Literature Review

In this chapter, a comprehensive literature review on line pipe steels is provided,
including the aspects of development, processing, welding and alloy design of pipeline
steels for the improvement of heat affected zone (HAZ) toughness. The development of
line pipe steels is briefly reviewed, along with an introduction to thermomechanical
controlled processing (TMCP) technology, and finally to weldability of pipeline steels
and microalloyed steel alloy design with respect to HAZ toughness. Particular attention
is drawn to the roles of Ti and N in the line pipe steel welds and the effect of increasing
Nb content.

2.1 Development of pipeline steels

The world energy consumption is increasing year by year. Crude oil and natural gas are
the two leading sources of world energy. According to the statistics and forecast
provided by Agency of Natural Resources (Japan), petroleum and natural gas accounted
for over 60% of the world energy in the past 30 years, and the percentage is predicted to
slightly increase in the next 20 years [1]. Compared to shipping by railroad, pipelines
with the advantages of lower cost and higher capacity, are regarded as the most
economical way to transport large quantities of crude oil or natural gas over a long
distance [2]. It has been recognised that high strength, high toughness and good
weldability are of primary interest.

Over the past decades, line pipe specifications have moved from low grades such as API
5L X42 or X52 to the currently used pipe grades X70 and X80, with the potential to
high grades X100 and X120 [3]. Some milestones in the development history of
pipelines are listed in Table 2-1 [4]. Also, further productivity improvements have
occurred around the use of increased operating pressures of pipelines, e.g. raising form
6.8MPa to 15.3MPa in Australia [5]. These changes have significantly reduced pipeline
3
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installation cost and also the operational cost per unit of commodity transformed simply
by more efficient use of current steel technologies. The research showed that using high
grade steels can induce a 10-40% cost benefit instead of using low grade steels [6].
These benefits include decrease of the cost on transportation and thickness reduction of
pipes which can result in less consumption of deposited materials and enhanced welding
efficiency. A comparison of thickness with various steel grades and pipe diameters at
design factor (Fd) of 0.72 are summarised in Table 2-2 [7]. It can be noted that
utilisation of high strength line pipes can offer reduced tonnage of pipeline materials
and thus provide additional environmental (i.e. reduced carbon dioxide emissions) and
resource benefits.

Table 2-1 Some milestones during the development history of pipeline steels [4].
Milestone

Pipeines

Year

First X65 pipelines

From Iran to Azerbaijan

1967

X70 (natural gas)

North America

1970s

First X80 (GRS 550)

Ruhrgas Werne to Schlüchtern

1992

4
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Table 2-2 Comparison of thickness between various grade pipeline steels [7].
Wall Thickness for Steel Grade (mm), Design Pressure=15.3MPa,
Φ,mm Design Factor (Fd)=0.72
X42

X46

X52

X56

X60

X65

X70

X80

X100

200

8.1

7.4

6.6

6.1

5.7

5.3

4.9

4.3

3.4

250

10.1

9.2

8.2

7.6

7.1

6.6

6.1

5.3

4.3

300

12.0

10.9

9.7

9.0

8.4

7.8

7.2

6.3

5.0

350

13.1

12.0

10.6

9.8

9.2

8.6

7.9

6.9

5.5

400

15.0

13.7

12.1

11.2

10.5

9.8

9.0

7.9

6.3

450

16.9

15.4

13.6

12.6

11.8

11.0

10.1

8.9

7.1

500

18.7

17.1

15.1

14.0

13.1

12.3

11.2

9.8

7.9

550

20.6

18.8

16.6

15.4

14.4

13.5

12.4

10.8

8.7

600

22.5

20.5

18.2

16.8

15.7

14.7

13.5

11.8

9.5

650

24.3

22.2

19.6

18.2

17.0

15.9

14.6

12.8

10.2

700

26.2

23.9

21.2

19.6

18.3

17.1

15.7

13.8

11.0

750

28.1

25.6

22.7

21.0

19.7

18.4

16.8

14.7

11.8

In this section, the development of pipeline steels was reviewed according to the history
of line pipe steels. It is significant to understand the microstructural evolution and
corresponding mechanical properties in line pipe steels.

2.1.1

Ferrite-pearlite pipeline steels

The ferrite-pearlite pipeline steel having a microstructure of ferrite and pearlite is
regarded as the first generation of pipeline steels used in the industry with hot rolling
and normalised condition [8]. A typical microstructure of API 5L X52 steel is shown in
Figure 2-1 [9]. The microstructure showed banding with ferrite and pearlite elongated
along the rolling direction. The pearlite phase can markedly improve the strength
however is detrimental to the toughness. According to Pickering and Gladman‟s work
[10, 11] on high strength low alloy (HSLA) steels, both the tensile strength and the
fracture appearance transition temperature (FATT) linearly increase with the volume
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fraction of pearlite. Also, the relatively high carbon content (0.12-0.20 wt.%) in the
steels leads to inferior weldability.

Figure 2-1 Typical microstructure of X52 steel possessing a microstructure of ferrite
and pearlite [9].

To improve the toughness and weldability, the fundamental approach was to reduce the
carbon content and so minimise volume fraction of pearlite and compensate by addition
of microalloying elements which provide grain refinement and precipitation hardening.
Also, the fine grained structure achieved through TMCP can offer extra improvement in
toughness. Steel grades up to X70 can be produced with high strength and good
toughness by using this alloy design and the processing techniques.

2.1.2

Acicular ferrite pipeline steels

The term “acicular ferrite” was firstly used to describe the fine ferrite microstructure
produced in weld metal (WM) by intragranular nucleation of fine oxide particles. Since
then the name has been used to describe the non-polygonal ferritic microstructure. In the
1970s Smith et al. [12] defined the acicular ferrite microstructure as a non-equiaxed
ferrite in low carbon microalloyed steels, formed during continuous cooling process
6
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with a mixed mode of diffusion and shear transformation in the temperature range of
slightly higher than that of upper bainite [13]. According to Krauss et al. [14] and
Bramfitt et al. [15], acicular ferrite is actually “bainitic ferrite” or “granular bainite” or a
mixture of these two. The typical microstructure of acicular ferrite is shown in Figure
2-2 [16]. This microstructure offers a good combination of high strength and toughness
primarily because of the fine grain size and high angle grain boundaries (HAGBs)
which provide effective resistance to fracture propagation. The presence of finely
dispersed precipitates of carbonitrides and high density of dislocations also provides
benefits to the mechanical properties of acicular ferrite.

Figure 2-2 Typical microstructure of acicular ferrite in 1.56Mn-0.32Mo-0.32Nb (in
wt.%) pipeline steel [16].

It is well known that the addition of Mo promotes the formation of acicular ferrite and
inhibits the formation of polygonal ferrite and pearlite, thereby retaining a good
toughness [17-19]. Also, the segregation of Mo at the γ/α interface can retard the high
temperature transformation products and thus increase the amount of transformed
acicular ferrite at lower temperature [20]. In addition, Mo can also promote the
formation of fine and dense Nb(C,N) precipitates in ferrite [21]. The is because the
addition of Mo increases the nucleation sites of carbides and decreases the coarsening
rate of Nb(C,N) precipitates in austenite, resulting in a greater amount of Nb in solution
for precipitation of Nb(C,N) in ferrite [21, 22]. According to Terada et al. [23], addition
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of up to 0.3 wt.% Mo can achieve the good balance of strength and toughness in the NbMo steel plates produced through TMCP. Given the above advantages of adding Mo,
the Mn-Mo-Nb alloy design has been used in acicular ferrite line pipe steels for several
decades.

2.1.3

Bainite-martensite pipeline steels

For the steel grades beyond X100, it may be necessary to have an alternative
microstructure of shear transformation products to achieve high strength. It is found that
fine martensite and lower bainite with high dislocation density are required to achieve
both the strength and toughness requirements in X120 steel, which is particularly
essential to achieve adequate toughness when the strength is over 800MPa [24]. An
alloy design of low C-Mn-Ni-Cr-Mo-Nb-V-Ti with minute amount of boron was chosen
to maximise austenite hardenability while keeping low Pcm (carbon equivalent for weld
cracking) for enhanced weldability and low alloy cost [24]. The very minor addition of
boron significantly delays the transformation of ferrite and promotes transformation of
lower bainite [25]. The limiting factor to the successful implementation of line pipe
steel grades above X80 is related to control of ductile fracture propagation, which is
currently the subject of intensive research [26].

2.2 TMCP technology

As an approach to obtain desirable microstructure and improve mechanical properties,
TMCP plays an important role in the production of pipeline steels. In this section, the
basic principle of conventional TMCP technology is introduced, followed by modified
TMCP techniques used for design of pipeline steels with high strength and good
weldability. In addition, the addition of microalloying elements can significantly
improve the mechanical properties during TMCP. So the role of microalloying elements
during TMCP is also reviewed.

8

2. Literature Review

2.2.1

Basis of TMCP technology

Steel is an alloy of iron and small amount of carbon. Although additional alloying
elements have been intentionally added to modify the characteristics of steel, carbon is
the primary alloying element. So the Fe-C phase diagram shown in Figure 2-3 is
regarded as the bible for steel metallurgy. The hypo-eutectoid region (C<0.5 wt.%) in
this diagram provides significant guidance for the producing of line pipe steels. It can be
seen from the diagram that the phases in steels can be categorised as δ-ferrite (δ),
austenite (γ), α-ferrite (α) and martensite at different temperatures. What is most
important to modern steels is that the solid solubility of carbon is ~2 wt.% in austenite
(γ), while in ferrite (α) it decreased to 0.025 wt.% at 723°C and to 0.008 wt.% at room
temperature. Thus, to achieve desirable properties, manipulation of the different phases
in all their variants through advanced processing technologies is the foundation of steel
metallurgy for line pipe steels. Among of the processing technologies, TMCP is widely
used in the production of modern line pipe steels. The following will briefly introduce
the principle of TMCP.

9
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Figure 2-3 Fe-C phase diagram [27].

TMCP, also known as thermomechanical treatment (TMT), is a metallurgical process
that includes thermomechanical rolling (TMR) and accelerated cooling (AcC) [28].
Thermomechanical processing of austenite aims to control subsequent transformation to
ferrite and so optimise grain refinement for the improvement of strength and toughness
as defined by the Hall-Petch relationship. This technology has been extensively applied
to steel plate production [29, 30]. This process is developed to achieve a fine and
uniform microstructure having high strength, good toughness and excellent weldability.
The structural changes in steels during controlled rolling are illustrated in Figure 2-4
[31]. The TMCP broadly falls into three categories [31, 32]:
1) Rolling in the recrystallisation region: coarse austenite grains refined by repeated
deformation and recrystallisation. (abb');

10
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2) Rolling in the non-recrystallisation region: deformation bands are formed in
elongated, un-recrystallisation austenite, which can provide nucleation sites for
ferrite during cooling and give rise to fine ferrite grains. (cc');

3) Rolling in the dual-phase region: deformation bands continue to be formed and
also the deformed ferrite produces a substructure. The un-recrystallised austenite
transforms into equiaxed ferrite grains and the deformed ferrite changes into subgrains. (dd')

Figure 2-4 Schematic illustration of changes in microstructure with deformation during
controlled rolling [31].
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2.2.2

Heat online process (HOP) in pipeline steels

Currently most pipeline steels are produced through TMCP technology due to the fine
grains in the final microstructure of steel plates. The utilisation of advanced TMCP
technology is an economic approach to significantly improve the properties with less
alloy additions. Apart from the conventional TMCP methods mentioned above, the
HOP technology was developed in the laboratory to fulfill the demand for both high
deformability and resistance to strain aging [33]. Figure 2-5 presents the comparison of
conventional TMCP and HOP methods. The online heating after AcC stimulates the
diffusion of carbon in bainite into the untransformed austenite. After heating, this high
carbon austenite can transform to martensite in the following air cooling. The schematic
illustration of microstructural changes is shown in Figure 2-6 [25, 33]. The obtained
dual-phase microstructure consisted of bainite matrix phase and dispersed M-A
(martensite-austenite, a mixture of matensite and retained austenite). Another benefit of
applying HOP process is the recovery of dislocation density introduced by bainitic
transformation during cooling [34].

Figure 2-5 Temperature profiles of conventional TMCP and HOP technologies during
plate manufacturing [25, 33].
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Figure 2-6 Schematical illustration of microstructure evolution during HOP [33].

2.2.3

Role of microalloying elements during TMCP

TMCP technology is widely used to achieve grain refinement which is regarded as the
most effective way to realise good balance of high strength and excellent toughness.
This process includes controlled slab reheating and optimised reduction (below nonrecrystallisation temperature Tnr) to ensure effective austenite grain refinement and
shape followed by AcC [35]. However, to achieve superior mechanical properties, the
addition of microalloying elements in line pipe steels produced through TMCP is an
effective approach. Even small addition of microalloying elements can significantly
alter the properties of steels, providing efficient and cost effective way to produce high
performance steels.

The microalloying elements can form different compounds and have various influences
on the properties. The compound forming tendencies of some transition metals
(including Nb, Ti and V) in steels were summarised in Figure 2-7 by Meyer et al. [36].
In summary, the interactions of the various microalloying additions are different and so
can be effectively used to improve mechanical properties through microstructural design.
Nb and V are generally added to the steel after complete deoxidation by Al and so have
a strong tendency to form carbides/ carbonitrides. Ti is a strong deoxidant and so if not
protected by Al will produce an oxide dispersion rather than nitrides and carbide
dispersion.
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Figure 2-7 The tendency of transition metals to form oxides, sulphides, carbides, and
nitrides and their precipitation strengthening potential [36].

The most widely used microalloying elements in pipeline steels are Nb and Ti, which
can enhance the mechanical properties through grain refinement, solid solution
strengthening and precipitate hardening [37]. Nb precipitates are more thermally stable
than V precipitates but less stable than Ti precipitates. The presence of Ti and Nb can be
observed in precipitates at higher temperatures, thus having a complex beneficial effect
on precipitation strengthening. It is found that Nb can significantly increase yield
strength by about 100MPa with addition of 0.03 wt.% Nb [38]. The fine Nb-containing
precipitates contribute to precipitation hardening. Moreover, Nb has a more obvious
effect on reducing the γ to α transformation temperature compared to Ti and V [38-40],
which can enhance ferrite nucleation and thus promote a finer ferrite grain size during
TMCP. In addition, fine NbC precipitates can pin austenite grain boundaries and
prevent grain growth during TMCP [41].

Another significant role of Nb is to retard the recrystallisation of austenite by solute
drag or by precipitation pinning. Vervynckt et al. [35] reported that Nb in precipitates is
more effective in retarding the recrystallisation than Nb in solid solution. Also, Hulka et
al. [42] and Hüttenwerke et al. [38] found that retardation of austenite recrystallisation
14
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was observed at significantly high temperature if Nb content in solid solution increased.
As shown in Figure 2-8, Nb has been found to be the most effective to retard austenite
recrystallisation at significantly higher temperature compared to other microalloying
elements including Mo and Al, thus allowing thermomechanical rolling to be performed
at higher temperature [38, 42, 43]. Moreover, addition of Nb widens the nonrecrystallisation zone and substantially lowers Ar3 or Ar1 temperature [44]. Due to the
benefits mentioned above, it is now well known that increased level of Nb up to 0.1 wt.%
provides additional benefits in terms of mechanical properties and also steel processing
[42, 45-48].

Figure 2-8 Retardation of austenite recrystallisation by microalloying elements [43].
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2.3 Toughness of pipeline steels

2.3.1

General toughness design for pipeline steels

The fracture toughness and transition temperature are two important aspects in pipeline
design. The toughness is largely controlled by the microstructural factors [3, 49, 50].
The ductile brittle transition temperature, TB, at which the steel loses its toughness and
fractures in brittle mode (shown in Figure 2-9 (a)), is crucial for pipelines to be both
strong and tough (resistance to fracture) [51]. It can be understood from the Yoffee
diagram (refer to as Figure 2-9 (b)) that there are two ways to suppress the ductile brittle
transition: raising σB or lowering σY. As high σY is desirable for structural steels, the best
way to raise σB is to refine the “effective grain size” for the purpose of lowering TB [51].

(b)
(a)
Figure 2-9 (a) Avoiding brittle fracture. At the ductile brittle transition temperature (TB),
the steel changes fracture mode, below which little energy is absorbed by the steel. (b)
The Yoffee diagram illustrates TB at the intersection of the effective yield stress (σY) and
the brittle fracture stress (σB) [51].

In summary, there are two targets for pipeline design: toughness target and ductile
brittle transition temperature (TB) target [49]. To fulfill these, the former can be
16
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achieved through microstructure design while the latter one can be obtained through
domain design (usually known as effective grain size).

2.3.2

Methods for improvement of HAZ toughness in pipeline steels

Modern high strength steels are manufactured using tailored alloy designs and
fabricated using advanced TMCP technologies. The final mechanical properties of the
steel are controlled through development of unique microstructure which is
characterised by fine ferrite grain size and dispersion of alloy precipitates that optimise
strength, ductility and toughness. To use these high strength steels for pipelines,
welding is indispensible during the pipe making process and pipe construction. Firstly,
majority of pipes are manufactured through welding, including UOE (U-ing. O-ing and
Expansion) pipes, HFW (High Frequency Welded) pipes, ERW (Electrical Resistance
Welded) pipes and HSAW (Helically Submerged Arc Welded) pipes. In addition, the
pipes need to be joined together, and thus can constitute the pipelines to transport
energy. So understanding of the welding process is important for pipe fabrication.

The process of welding inherently subjects the steel to elevated temperatures, which
significantly modifies the microstructure and therefore the mechanical properties. The
region immediately adjacent to the weld, where the temperature approaches the melting
point, can be significantly degraded by the extreme grain coarsening that occurs in the
austenite phase region. Although many parameters control the microstructure and
mechanical properties of HAZ, it is control of the austenite grain size that is critical in
terms of the performance of these steels.

A very fine dispersion of precipitates is required to exert a grain boundary pinning
action in opposition to the driving force for grain growth. Maximum pinning force (Z)
has been shown by Zener [52], to be directly proportional to the volume fraction of
precipitation (f) and inversely proportional to the precipitate size or radius (r). Therefore,
a large volume fraction of small precipitate is beneficial for grain size control.
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Many efforts have been made to achieve high HAZ toughness in steels. The general
concepts of HAZ toughness improvements are summarised in Table 2-3 [53].

Table 2-3 Metallurgical principles and techniques for improving the HAZ toughness
under high heat input (HI) welding [53].
Methods

Principles

Techniques

Refining

Preventing grain growth by the 1) Adding Ti, controlling Ti/N

austenite

presence of fine TiN and AlN ratio

grain size

particles

2) Increasing Al and lowering N
1)Ti-killing to form TiO, Ti2O3,

Intragranular Ferrite grain refinement through
ferrite

nucleation on the secondary

nucleation

phase particles

TiO2
2) Ca-treating to form CaO-MnS
3) Adding REM to form REM
oxides
4) Adding B to form Fe23(C,B)6

1) Decreasing hard secondary
Modifying

phases, such as M-A and M-A-C

HAZ

constituents in upper bainite

structure

2) Changing hard secondary
phases into pseudo-pearlite

Increasing
matrix
toughness

1) Lowering carbon equivalent
(CE) by controlled cooling or
TMCP
2) Ca-treating to reduce amount
of elongated MnS
3) Reducing N content

1) Reducing elements which can 1) Reducing N and C content
harden the ferrite matrix

2) Adding Ti, B and Al to reduce

2) Adding elements which can free N
increase matrix toughness

M-A-C: martensite-austenite-cementite
REM: rare earth metals
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2.3.3

The role of microalloying elements for weld HAZ toughness

When the steel is subjected to the thermal effects of welding the microstructure in the
HAZ is dramatically changed primarily because of the increase in austenite grain size
and the postweld cooling rate. These conditions are dependent on the welding
parameters that include welding HI and also base plate dimensions such as thickness.
These effects can be mitigated or controlled by appropriate microalloying additions that
provide precipitate dispersions to control both grain growth and transformation
characteristics. It is accepted that more efficient use of microalloying elements has
delivered major improvements in both weldability and HAZ toughness of pipeline steels
[54].The microalloying elements Nb, Ti and V can combine with C and/ or N to form
very fine dispersion of carbides, nitrides or carbonitrides which impede grain growth by
grain boundary pinning effect during the heating cycle of welding [2, 55]. However,
individual microalloying elements act in several contrasting ways depending on the
solubility and thus the formation temperature, and also the interactions with other
alloying elements [54]. To be able to gain the maximum benefits when utilising
microalloying elements to control properties and transformation characteristics of the
steels, it is fundamental to fully understand the combination of each element and their
synergistic effects during the thermal cycle of welding.

Microalloying elements can influence the coarse grained heat affected zone (CGHAZ)
in several contrasting ways namely [54]:
1) Formation of stable finely dispersed precipitates at high temperature to restrict
grain growth, promote intragranular ferrite nucleation and raise the
transformation temperature range;

2) Microalloying elements in the form of solid solution can alter the transformation
temperature range and contribute to solid solution hardening;
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3) Microalloying precipitates dissolved during welding thermal cycle and reprecipitated in the form of fine carbides or nitrides on cooling. The reprecipitation can inhibit austenite grain growth and promote ferrite nucleation.

The effects of microalloying additions on weldability are summarised in Table 2-4. It
can be seen that both qualitative and quantitative data of individual elements on
weldability are needed. The synergic effects of these microalloying elements are even
more complex. Therefore, to make more efficient use of microalloying elements, it is
imperative to understand the role of these elements in microalloyed steels especially the
widely used elements Ti and Nb. Later on, special emphasis is put on role of Ti and N in
line pipe steels, followed by a review of high Nb-containing pipeline steels.
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Table 2-4 Summary of the effects of microalloying elements on HAZ and WM
toughness [48, 56, 57].
Microalloying

HAZ Toughness

Addition

WM Toughness

Little effect at low levels (less
than about 0.08 wt.%). At Complex pattern because of
V

higher

levels

generally grain refining and precipitation

detrimental. Tolerable amount hardening
increased

by

lower

effects.

Some

carbon quantitative data available.

content.
High Nb level up to 0.11 wt.%
can
Nb

produce

superior

HAZ Complex pattern because of

toughness at HI of 3kJ/mm. grain refining and precipitation
Little effect on HAZ toughness hardening effects.
at low Nb level.
Beneficial

Ti

effect

of

fine Complex pattern because of

dispersion of TiN precipitates grain refining and precipitation
on retarding austenite grain hardening
growth.
Enhanced

effects.

Some

quantitative data available.
HAZ

toughness,

especially at high HI. This is
Zr

attributed to MnS precipitation Mainly detrimental according to
on the existing ZrO2 as well as limited data.
formation

of

intragranular

Beneficial

for

strengthening

especially

for

thick

ferrite.

B

plates.

Active B is detrimental to
toughness through increasing
hardenability.
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2.4 Welding of line pipe steels

Welding is an essential part of the integrity of pipelines. The probability of materials
failure occurred at welded joints is much higher than any other regions within the pipes
due to the effect of welding thermal cycles. The HAZ is regarded as the weakest part in
the welding joint and control the overall performance of pipelines. However, welding
hitherto is still an important fabrication process for line pipe manufacture and
construction. The quality of welding joints is of significance. In this section, the basic
background about welding of pipeline steels is introduced. It also covers the
significance of critical HAZ regions to the weld structural integrity, and the issues and
problems encountering during welding of pipeline steels.

2.4.1

Welding thermal cycle

Fusion welding, especially arc welding, is the most common method used to join line
pipe steels because it produces joints with the best combination of properties. This
process involves a heat source producing a molten pool within the joint which solidifies
and forms a contentious metallic bridge [58]. Many different heat sources are used for
fusion welding, including electric arc, laser, gas flame, electron beam etc. The heat
generated from the heat sources leads to the microstructural changes within the HAZ
surrounding the molten weld bead. Thus, the welding thermal cycle is of primary
importance for the structure and properties of the weld. Figure 2-10 shows the
schematic of a weld. A point heat source (welding torch) moves at velocity v supplies
power q in a workpiece of thickness d.
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Figure 2-10 Schematic of a weld. The temperature profile is calculated for a point at
distance r [2].

From the equation of Rosenthal [59], the temperature-time profile in the HAZ can be
established. Here, two limiting solutions are used:

(1) For thick plates, and assuming instantaneous application of heat, we have, at a radial
distance r from the weld
⁄

⁄
⁄

where,
(

)

(2) For thin plates, we have, instead, for instantaneous application of heat
⁄
(

)
( ⁄

⁄
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where,
(

(

)

(

)

)

Table 2-5 Definition and units used in Section 2.4.1.
t
∆t8/5

time (s)
time to cool from 800°C to 500°C (s)

λ

thermal conductivity (J s-1 m-1 K-1)

a

λ/ρc, thermal diffusivity (m2 s-1)

ρc

specific heat per unit volume (J m-3 K-1)

d

plate thickness (m)

q

arc power (J s-1)

v

arc speed (m s-1)

q/v

heat input (J m-1)

r

radial distance from weld, thick plates;
lateral distance from weld, thin plates. (m)

T

temperature (K)

T0

initial or preheat temperature (K)

θ1

reference temperature interval, thick plates (K)

θ2

reference temperature interval, thin plates (K)

e

the base of natural logarithms, 2.718
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2.4.2

Carbon equivalent (CE)

In welding, CE, also known as equivalent carbon content, is used to understand how the
different alloying elements affect the hardness of the steel being welded. This is then
directly related to hydrogen-induced cracking, which is the most common weld defect
for steels. Thus it is most commonly used to determine weldability. Higher
concentrations of carbon and other alloying elements such as Mn, Cr, Si, Mo, V, Cu and
Ni tend to increase hardness and decrease weldability. However, these elements
influence the hardness and weldability to different magnitudes. To compare the
differences in weldability of steels made of different alloying elements. Some formulas
are used for calculate the CE. One popular formula is the Dearden and O‟Neill formula,
which was adopted by the International Institute of Welding (IIW) in 1967 [58].

From this equation, the weldability based on a range of CE values can be defined as
follows [60, 61]:
CE

Weldability

Up to 0.35

Excellent

0.36-0.40

Very good

0.41-0.45

Good

0.46-0.50

Fair

Over 0.50

Poor

The Japan Welding Engineering Society adopted the critical metal parameters (Pcm) for
weld cracking, which was based on the work from Ito and Bessyo [27, 58], is:
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The CE is a measure of the tendency of the weld to form martensite on cooling and to
suffer brittle fracture. When the CE is between 0.40 and 0.60 weld preheat may be
necessary. When the CE is above 0.60, preheat is necessary, postheat may be necessary.

A special CE was developed by Yorioka [62], which could determine the critical time
∆t8/5 for the formation of martensite in the HAZ in low carbon alloy steel. The equation
is given as:

where,
for C<0.30 wt.%
⁄

for C>0.30 wt.%

Then the critical time ∆t8/5 can be determined as follows:
⁄

In modern line pipe steels, it is accepted that reduction of both carbon and CE plays a
predominant role in avoiding the formation of M-A constituent [63].

2.4.3

Significance of HAZ

2.4.3.1 Single cycle HAZ

HAZ is the area of base metal (BM) adjacent to the WM, which is not melted and has its
microstructure and properties altered by the heat from the weld pool. Due to the
dissipation of heat from the weld pool, there is a microstructure gradient within the
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HAZ, which makes the study of HAZ more complex. According to the temperature
achieved in the HAZ, the HAZ can be divided into four regions [2, 64]:
1) Coarse grained zone (CGHAZ). This region is adjacent to the weld fusion line
and the BM is fully heated into the austenite region. Some precipitates dissolved,
thus lead to grain coarsening in this region.

2) Fine grained zone (FGHAZ). The metal is heated into the austenite region, but to
lower temperature. The precipitates in the steel may not dissolve and thus the
austenite grain coarsening is inhibited, leading to a fine grained region.

3) Intercritical zone (ICHAZ). Partial austenite transformation occurs in this region.

4) Subcritical zone (SCHAZ). There are no transformations in this region, but the
metal experiences tempering.

For single pass welds, CGHAZ is considered to be the most critical region within the
weld HAZ. In this region, the metal subjected to a peak temperature above ~1200°C.
This is the same temperature range that is used in the reheating stage of TMCP. The
ferrite is fully transformed into austenite, and the microalloying precipitates precipitated
during TMCP can dissolve into austenite. Thus, the austenite grains experience
significant coarsening due to the loss of the grain boundary pinning effect from
microalloying precipitates. In addition, the degree of austenite coarsening is dependent
upon the alloy composition and the energy input from the weld [55, 65, 66]. In addition,
the hard M-A constituent formed during the cooling cycle of welding can have a
deleterious effect on the toughness.

2.4.3.2 Multi cycle HAZ

Multi-pass welding is widely used for modern pipelines. For instance, high strength
large diameter line pipes are manufactured in the most economical way by two-pass
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submerged arc welding (SAW). During the pipe girth welding, multi-pass is used to fill
the joint. For the multi-pass welding, each one imposes a thermal cycle on a region of
previously unaltered BM and on a region already subjected to at least one thermal cycle.
Among of all regions experienced the combinations of thermal cycles, the intercritically
reheated coarse grained heat affected zone (IC-CGHAZ) is a region of interest as it has
been associated with local brittle zones (LBZs) [67, 68].The initial CGHAZ is reheated
into the intercritical temperature range. The carbon enrichment can result in the
formation of M-A constituent and thus initiate brittle cracks.

2.4.3.3 Significance of critical HAZs in line pipe welding and structural integrity

Welds are thought to be generally defective, thereby increasing the risk of failure in
comparison to non-welded components. An obvious feature of welds is the
inhomogeneity in term of mechanical properties. Discrete microstructural regions of
reduced toughness cannot be avoided and commonly designated with the term with
LBZs. Generally the lowest toughness values are expected in the CGHAZ and ICCGHAZ for single pass and multi-pass welds respectively. Although these areas have
limited size and are surrounded by microstructure with higher toughness, it can result in
fracture initiation under near linear elastic conditions during fracture toughness testing.
These areas are a warning of potentially low resistance to brittle fracture initiation in the
structural components. Low Charpy impact toughness can be due to the presence of
CGHAZ and IC-CGHAZ when they are favourably positioned with crack tip, especially
at low temperature. The structural integrity of welds depends on the likelihood of a
crack tip intersecting the LBZ in CGHAZ and IC-CGHAZ and the length of LBZ
present.

It is known that the size of LBZ is a function of welding HI and the grain coarsening
behaviour of the steel. So optimisation of the welding parameters and using low welding
HIs are expected to minimise the size of critical regions (i.e. CGHAZ and IC-CGHAZ).
Also, optimal additions of microalloying elements are beneficial to the restriction of
austenite grain coarsening in the HAZ. In addition, the HAZ is a composite of different
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microstructure, some of which has high toughness. If the materials adjacent to and
ahead to the LBZ within CGHAZ and IC-CGHAZ have sufficient fracture toughness to
arrest brittle fracture initiating from the LBZ, the risk of brittle fracture can be
eliminated. These measures provided guidance on lowering the probability of CGHAZ
and IC-CGHAZ related failure, and thus the improvement of line pipe structural
integrity.

2.4.4

Problems and issues during welding of line pipes

As mentioned earlier, welding is an important process for pipelines. Various welding
techniques are used during pipe manufacturing and construction, including SAW for
pipe making, gas metal arc welding (GMAW) during field construction etc. In this
section, the threats to pipelines from the welding of line pipes are reviewed.

2.4.4.1 WM or HAZ hydrogen-assisted cold cracking (HACC)

HACC is the most serious of all welding issues. It is the defect most likely to cause
failure in service, it is sometimes delayed and occurs after non-destructive testing is
completed, and is not always detected by radiography. It is therefore critical to ensure
optimum weldability of both the line pipe and the girth WM to avoid HACC. HACC
has traditionally been an issue associated with the weld HAZ of the pipes. Effective
guidelines exist for control of HAZ HACC [69]. The risk of HAZ HACC can be
minimised when the CEIIW is less than 0.40 and Pcm is less than 0.20. However with
improved steel alloy design and advanced TMCP it is now more common to experience
HACC in the WM. Increased strength level and requirement for WM strength
overmatching and adverse conditions during the welding process can increase the
susceptibility to HACC. These conditions include lifting stresses during welding and in
many situations, the use of high hydrogen cellulosic welding consumables.
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Some mitigation techniques for control of HACC are given in the following [70, 71]:
1) Specification of CEIIW and Pcm limits;
2) Application of adequate preheat (as determined by weldability testing);
3) Maintenance of minimum interpass temperature;
4) Balanced sequence of welding (particularly during root pass);
5) Restriction on when to lower-off;
6) Time lapse between start of root pass and start of hot pass;
7) Minimum number of passes before weld can be cooled to ambient temperature;
8) The use of full pipe lengths during procedure qualification testing;
9) Time lapse between completion of welding and inspection (usually only
applicable for procedure qualification testing;
10) Ensuring good quality of electrodes for shielded metal arc welding (SMAW).

2.4.4.2 Low girth or seam weld HAZ toughness

During welding the HAZ experiences temperatures close to the melting point and this
significantly affects the properties. The toughness is dependent on the transformed
microstructure which is controlled by the extent of austenite grain coarsening and the
weld cooling rate. Insufficient toughness in the HAZ can result in fracture initiation and
propagation during the hydrostatic testing or during the operation of pipelines.

Ti microalloying produces a fine dispersion of stable TiN or TiO2 (low Al steel)
precipitates which retard austenite grain coarsening [72] by a grain boundary pinning
action [73]. Ti microalloying, following complete deoxidation, is the dominant method
employed for grain size control. The technology requires the presence of a very fine
dispersion of TiN precipitates which exerts a grain boundary pinning action in
opposition to the driving force for grain growth.
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The approach to achieving the optimum dispersion of precipitates is the basis for the
ongoing debate among steelmakers. The maximum levels of both Ti and N should be
limited to avoid supersaturation prior to solidification. The temperature range over
which solid state precipitation occurs needs to be controlled to limit precipitate growth.
Isolated large TiN precipitates have been shown to act as cleavage initiation sites [74,
75] for fracture particularly in hardened structure such as the weld HAZ. Therefore for
prevent low HAZ toughness the Ti/N ratio in the parent pipe tends to be controlled, and
crack tip opening displacement (CTOD) testing of HAZ is required for pipes with wall
thickness above 14mm. The former will be comprehensively discussed in Section 2.5.

2.4.4.3 Bad fit up for girth weld due to pipe geometry

Poor fit up can have serious implications for construction rates and economics. The
geometry (diameter and roundness) of two adjacent pipes to be welded is of primary
importance in order to produce good quality joints. If geometry discrepancies exceed
acceptable limit weldment with poor quality is likely to be produced. In high D/t pipes
the constructor will have little difficulty with even this level of mismatch when an
internal welding clamp is properly employed. However as wall thickness and strength
grade increase and the line-up clamp is overloaded, limiting manufacturing end
tolerances is needed to ensure adequate performance.

The risk of girth weld fit up problems is ordinarily controlled by specification of
multiple diameter measurement methods (i.e. a combination of ring gauge and
circumference tape) and/ or a tighter tolerance on out-of-roundness.
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2.5 Role of Ti and N in line pipe steel welds

2.5.1

Stability of nitrides

Microalloying additions of Ti, Nb and V can bind with the interstitial elements C and N
to form precipitates that interact with both grain boundary motion to control grain size
and also with dislocations to enhance strength. This microalloying approach has been
the basis for the development of high strength line pipe steels. Precipitate stability
therefore is an important parameter [40] and is normally expressed in term of the
solubility products of the metallic (M) and interstitial (C) elements, and their
stoichiometry (m, n). This can be expressed by the relationship:
, - , where, A and B are constants, T is the temperature in K [76, 77]. The estimated
solubility temperatures of some of the microalloying binary compounds are given in
Table 2-6 [77]. The order of nitride precipitation on cooling from high temperature is a
function of the solubility as described in the above equation and occurs in the sequence
of TiN, AlN and VN. Figure 2-11 shows the HAZ microstructure and dissolution
positions of various microalloying compounds. In welding, precipitates of Nb and V are
known to nucleate on TiN precipitates. An investigation by Lehtinen et al. [78] showed
that pure TiN precipitates in Ti microalloyed steels had the best stability and the
addition of Nb and/ or V reduced the solubility (and thus stability) of TiN. In addition,
V had a more negative influence on the stability of TiN than that of Nb.
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Table 2-6 Estimated solubility temperatures for particles in steels [77].
Compound

Tsol (°C)

NbC

1100

23.1

VN

1050

16.1

AlN

1150

21.2

TiN

>1450

14.4

*Data refer to the activation energy for diffusion of the metallic atoms in steel, from
S. Mrowec, “Defects and Diffusion in Solids” (Elsevier, 1980). T refers
approximately to the melting point of the steels in K.

Figure 2-11 HAZ microstructure and dissolution position of microalloying nitrides and
carbides [43].

2.5.2

Precipitate coarsening kinetics

Most microalloying precipitates coarsen as a function of temperature and the classical
theory for particle coarsening kinetics given by Lifshitz, Slyozov and Wagner (LSW)
can be expressed as in the following equation [41, 55, 79-83]:
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(

)

where, r is the particle radius, r0 is the initial particle radius, γ is particle/ matrix
interfacial energy, Dm is element diffusivity, Cm is concentration of solute in matrix, Vm
is molar volume of precipitates per mole of diffusate, R is universal gas constant, T is
temperature and t is time.

Applied to continuous heating and cooling:
(

)

where, r is the particle radius, r0 is the initial particle radius, T is temperature, t is time,
C is constant, Qs is the activation energy for the diffusion between precipitates, and R is
universal gas constant.

The one third power law (

⁄

, here A is constant) agrees well with LSW theory

on Ostwald ripening effect in coalescence of TiN precipitates [84].

Only the particles larger than the critical size will grow while the small particles will
dissolve during isothermal holding. The critical size can be obtained [79, 85, 86]:
(

)

where, rcr is the critical particle size, σ is the standard deviation of ln r, Vm is molar
volume of particles, R is universal gas constant, T is temperature, Cm is mean solute
concentration in the matrix and C∞ is equilibrium concentration of solute atoms.

Deformation can accelerate the coarsening rate of particles due to the increased
diffusivity of solute atoms. It is reported by Moon et al. [87] that compressive stress has
more profound effect on the complex (Ti,Nb)(C,N) particle coarsening in Ti-Nb
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microalloyed steels than that of tensile stress because higher stress is experienced at the
particle/ matrix interface. In the case of applying external compressive stress, a higher
stress must be applied to the interface between the particle and the matrix with the aid of
internal compressive stress compared with the case of applying external tensile stress.
This contributes to greatly increasing excess interface energy more highly under
external compressive stress [87].

It is well accepted that the precipitate coarsening process obeys Ostwald ripening theory
[88]. However, Wang et al. [79] suggested that the coarsening kinetics of TiN particles
are controlled not only by the Ostwald ripening mechanism but also lattice diffusion by
which the particles absorb solute atoms from the supersaturated matrix directly. That
means the solute elements rejected from the dissolved particles that are smaller than the
critical size is insufficient for coarsening. Thus, it is assumed that solute atoms from
both the dissolution of small particles (<rcr) and supersaturated matrix are involved in
the coarsening process of TiN particles.

2.5.3

Microsegregation of Ti and N

Microsegregation is caused by the redistribution of solutes during solidification, as
solutes are rejected into the liquid due to differences in solid-solubility and solubility in
the liquid. Several analytical equations of microsegregation with different assumptions
and simplifications have been developed to predict redistribution of solutes [89].

(1) Lever-rule Model: an equilibrium solidification model, which assumes complete
mixing of all solutes in both liquid and solid phases at every stage of solidification.

(

)

where, CL is the concentration of a given solute element in the liquid at the solid-liquid
interface, C0 is the initial liquid concentration, k=CS/CL is the equilibrium partition
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coefficient for that element, and fS is the solid fraction. This model is not valid because
diffusion in solid solution is too slow compared to the liquid phase. Further
solidification processes experienced in the industry practices are far from equilibrium.

(2) Scheils Theory: assumes no diffusion in the solid phase. This model is only useful
for very rapid solidification such as welding process.
)(

(

)

(3) Brody and Flemings Model: assumes complete diffusion in the liquid phase and
incomplete back diffusion in the solid phase, as follows:
,

(

) -

where, α is a back diffusion parameter, defined as:

(

)

where, DS is the diffusion coefficient of solute in the solid phase, tf is the local
solidification time, and λS is the secondary dendrite arm spacing.

(4) Clyne and Kurz Model: modifies the back diffusion parameters and replace the
solidification parameter α with Ω.
,

(

) -

where, Ω is defined as
[

(

)]

(

)

This model covers all situations ranging from complete to zero mixing in the solid phase
during solidification and relatively close to real situation.
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For the case of Ti and N in CGHAZ during welding, the Scheils Model can be simply
used to predict the segregation and the influence on TiN formation during solidification.
Equilibrium partition coefficients and diffusivity data for various solute elements in δferrite and γ-austenite are presented in Table 2-7 [89].

Table 2-7 Equilibrium partition coefficients (k) of solute elements between solid and
liquid steel, and their diffusion coefficients (D) [89].
Element

kδL

kγL

Dδ×104, (m2/s)

Dγ×104, (m2/s)

C

0.19

0.34

0.0127 exp(-81379/RT)

0.15 exp(-143511/RT)

Si

0.77

0.52

8.0 exp(-248948/RT)

0.3 exp(-251458/RT)

Mn

0.77

0.785

0.76 exp(-224430/RT)

0.055 exp(-249366/RT)

Al

0.6

0.6

5.9 exp(-241417/RT)

5.9 exp(-241417/RT)

O

0.03

0.03

0.0371 exp(-96441/RT)

5.75 exp(-168615/RT)

P

0.23

0.13

2.9 exp(-230120/RT)

0.01 exp(-182841/RT)

S

0.05

0.035

4.56 exp(-214639/RT)

2.4 exp(-223426/RT)

Ca

0.02

0.02

0.76 exp(-224430/RT)

0.055 exp(-249366/RT)

Mg

0.02

0.02

0.76 exp(-224430/RT)

0.055 exp(-249366/RT)

Cr

0.95

0.86

2.4 exp(-239785/RT)

0.0012 exp(-218991/RT)

Ni

0.83

0.95

1.6 exp(-239994/RT)

0.34 exp(-282378/RT)

Cu

0.53

0.88

2.6 exp(-239994/RT)

0.7 exp(-285976/RT)

Mo

0.8

0.585

3.47 exp(-241375/RT)

0.068 exp(-246856/RT)

Ti

0.38

0.33

3.15 exp(-247693/RT)

0.15 exp(-250956/RT)

V

0.93

0.63

4.8 exp(-239994/RT)

0.284 exp(-258990/RT)

Nb

0.4

0.22

50 exp(-251960/RT)

0.83 exp(-266479/RT)

W

0.85

0.45

1.57 exp(-243509/RT)

0.13 exp(-239743/RT)

N

0.25

0.48

0.008 exp(-79078/RT)

0.91 exp(-168490/RT)

Note: R is the gas constant (8.314 J/ mol· K), and T is the temperature in K.

Kunze et al. [90] also reported that the thermodynamic distribution coefficients of Ti
were k=0.40 (for δ-Fe and liquid) and k=0.13-0.19 (for γ-Fe and liquid) while the
coefficients of N were k=0.28-0.29 (for δ-Fe and liquid) and k=0.48-0.49 (for γ-Fe and
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liquid). According to Kunze et al. [90], during ferritic solidification mode, the residual
melt between secondary dendrite arms is enriched with Ti by 3-fold whereas a 10-fold
enrichment was detected in the corners between dendrites or grains. TiN particles with
size of 0.5-1μm are formed in the regions of maximum segregation with supersaturation
higher than 15-fold. During austenite solidification mode, the microsegregation of Ti in
residual melt increases to 30-fold creating good conditions for the formation of TiN
precipitates. Due to small distribution coefficient the microsegregation of Ti is much
lower during δ ferrite solidification, thus conditions do not favour TiN formation [90].

The solubility product of TiN (similar for other nitrides and carbides) in microalloyed
steels is normally given by the following formula:
, -, -

⁄

where, [Ti] and [N] are the soluble contents of Ti and N, A and B are constants, and T is
temperature. It is assumed that only Ti and N are of interest in low carbon steels (such
as X70 pipeline steel) and that Ti has a stronger affinity to N than C. Thus, the ratio of
Ti and N in solid state (i.e. in precipitates) should exactly match the stoichiometric ratio
(i.e. 3.42) [91]:
, , where, Titot and Ntot are the initial contents of Ti and N in steels respectively.

From this equation, when the initial contents of Ti and N in steels have stoichiometric
composition i.e. Titot/Ntot=3.42, the contents of Ti and N in solution, [Ti] and [N] should
also be in stoichiometric ratio, i.e. [Ti]/[N]=3.42, regardless of under what conditions
(during solidification, rolling or welding) TiN formed and regardless of whether TiN
particles were fine or coarse. On the contrary, if the initial Ti/N ratio is away from
stoichiometric ratio, the Ti and N contents in solid solution will deviate from
stoichiometric ratio. Therefore, the Ti and N in solution can be controlled to match
stoichiometric ratio if the initial contents of Ti and N in steels are added at
stoichiometric ratio for TiN.
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2.5.4

Solubility product

Precipitation solubility product is an important parameter to predict dissolution or
precipitation of the carbides, nitrides and carbonitrides. It provides quantitative
information about the stability of the particles under equilibrium conditions [55]. At a
given temperature, the precipitates start to form when the solubility product of metallic
and interstitial (C or N) elements reaches a critical value. It is widely used to evaluate
the dissolution and re-precipitation process during welding thermal cycle. At
equilibrium condition, the Gibbs free energy (ΔG0) for the following reaction:

can be calculated from:
,

- , -

where, ΔH0 and ΔS0 are the standard enthalpy and entropy of reaction respectively.

For microalloyed steel, the solubility product can be written as:
,

- ,

-

The completely dissolved temperature Ts of carbides or nitrides can be calculated from
the equation [2, 41, 55]:

,

- ,

-

Values of the constants A and B for common carbides, nitrides and carbonitrides are
listed in Table 2-8.
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Table 2-8 Solubility product of precipitates in microalloyed steels [2, 76, 85, 92].
Compound

Metallic Interstitial

A

B

Reference

Cr23C6

Cr

C

5.9

7375

Aronsson

Mo2C

Mo

C

5.0

7375

Klumpes

V4C3

V

0.75C

5.36

8000

Aronsson

Nb(C,N)

Nb

C+12/14N

2.26

6770

Irvine et al.

Nb(C,N)

Nb

C+N

1.54

5860

Meyer

Nb(C,N)

Nb

0.83C+0.14N 4.46

9800

Mabdry, Dornelas

Nb(C,N)

Nb

0.24C+0.65N 4.09

10400

Mori et al.

NbC0.87

Nb

0.87C

3.18

7700

Mori et al.

NbC0.7

Nb

0.7C

3.11

7520

Nordberg, Aronsson

TiC

Ti

C

2.75

7000

Irvine et al.

AlN

Al

N

1.033

6770

Irvine et al.

AlN

Al

N

0.725

6180

Erasmus

AlN

Al

N

1.95

7400

Darken et al.

AlN

Al

N

1.8

7750

Konig et al.

AlN

Al

N

1.48

7500

Pickering, ladman

VN

V

N

2.27

7070

Frohberg, Graf

VN

V

N

3.46

8330

Irvine et al.

NbN

Nb

N

4.04

10230

Smith

NbN

Nb

N

3.70

10800

Hoogendooro

TiN

Ti

N

0.32

8000

Matsuda, Okumura

TiN

Ti

N

2.0

20790

Akira et al.

TiN

Ti

N

3.82

15020

Chino, Wada

TiN

Ti

N

6.75

19740

Gurevic

TiN

Ti

N

5.19

15490

Kunzi et al.

TiN

Ti

N

4.94

14400

Wada et al.

TiN

Ti

N

5.4

15790

Turkgogan et al.

TiN

Ti

N

4.35

14890

Ken Inoue et al.
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2.5.5

Effects of Ti and N additions on grain size control during welding

Welding is an important part of pipe forming (i.e. longitudinal welding for UOE pipes
etc.) and construction process (i.e. girth welding). The welding metallurgical process
involving in a fast reheating rate and a high peak temperature can modify the
microstructure of base materials, thus resulting in low HAZ toughness. It is well
recognised that HAZ toughness is influenced by microstructure (e.g. prior austenite
grain size), amount of undissolved TiN precipitates at welding peak temperature and
amount of free N present in the steel during welding thermal cycle [93]. The Ti, N
levels and their ratio can significantly affected HAZ toughness. However, the optimum
of Ti, N levels and Ti/N ratio can be changed depending on several factors, such as the
reheating temperature in hot rolling, the contents of other microalloying elements and
the welding HI [83]. Many authors [81, 83, 94] agreed that for many purposes related
with austenite grain control a hypo-stoichiometric Ti/N ratio, generally between 1-3,
provides good austenite grain size control, especially when Ti starts to precipitates in
solid state, as the size of the precipitates is much smaller.

2.5.5.1 Purpose of Ti and N additions during welding

Austenite grain growth in steels occurs during a welding thermal cycle and austenite
grain size significantly affects HAZ mechanical properties. The addition of Ti and N
can enhance the HAZ toughness through two mechanisms: refinement of prior austenite
grain size through pinning by secondary phases like fine TiN precipitates; and
heterogeneous nucleation of ferrite on precipitates of TiN within the grains [95].

The addition of microalloying elements such as Ti can form nitrides to pin grain
boundaries through reducing or inhibiting the grain boundary migration [96]. The
diffusion controlled grain growth driven by surface energy can be expressed (taking the
pinning effect into account) [2]:
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* ( )

, ( )-+

[

( )

]

where, R is the grain size, t is time, A is a constant, T(t) is temperature as a function of
time, f(R) is a function of grain size, P is the pinning force and Q is the activation
energy.

It can be seen from the above equation that the pinning effect of precipitate phases can
reduce the grain coarsening rate. The austenite grain size can be controlled by the
distribution of TiN particles in both CGHAZ and BM [97]. TiN is regarded as good
grain refiner due to its low solubility at high temperatures. Particles smaller than 0.1μm
are effective for grain boundary pinning [91, 98]. So it can be concluded that a large
amount of TiN precipitates with a finely dispersed distribution is an effective method to
control grain growth. The volume fraction and mean size of TiN precipitates affected
the austenite grain size in the way described by the following equation [81, 84]:
⁄
where, R is the austenite grain size, r is the mean size of precipitates and f is the volume
fraction of precipitates, and K is a constant.

Precipitates that promote heterogeneous nucleation of ferrite inside the austenite grains
contribute to fine ferrite grains [98-101]. TiN precipitates hold a Baker-Nutting (B-N)
orientation relationship with ferrite matrix [100]. Fine intragranular ferrite that grows
from the precipitates can section the prior austenite grains into many colonies. Low
temperature transformation products like bainite that forms inside the austenite colonies
are refined due to the restricted growth [102]. Fine bainitic or acicular ferrite thus
formed enhances the properties of steels. This could be one of the mechanisms in
improvement of HAZ toughness.
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2.5.5.2 Effect of Ti on austenite grain size

Figure 2-12 shows the austenite grain size of reheated samples as a function of Ti
content [81]. The minimum austenite grain size was obtained at around 0.015 wt.% Ti
that corresponded to the stoichiometric Ti/N ratio [81]. With further increasing of Ti
content the austenite grain size increased. However, there is no data of austenite grain
size in the range of about 0.015-0.04 wt.%. Therefore the debate about the optimum
alloy design for austenite grain size control in HAZ is still not clarified.

Figure 2-12 Effect of Ti content on austenite grain size (around 37-40ppm N) [81].

2.5.5.3 Effect of N on austenite grain size

The N content has a significant influence on the austenite grain size. Figure 2-13 shows
the austenite grain size decreased with the increase of N content in Nb, V and Ti
microalloyed steel [92]. This is caused by increasing the stability of precipitates through
the formation of complex precipitates in Nb-V-Ti microalloyed steel [92].
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Figure 2-13 Effect of total N content on austenite grain size of water quenched
simulated HAZ [92].

2.5.6

Effects of Ti, N and Ti/N ratio on HAZ toughness

2.5.6.1 Effect of Ti content on HAZ toughness

Adding small amount of Ti is applied to improve the HAZ toughness. It is well known
that Ti addition is effective to suppress the grain coarsening by the pinning effect of TiN
particles [97].

A high Ti content can decrease the pinning effect by the formation of coarse TiN
particles which act as the initiation sites for cleavage fracture and thus detrimentally
affect the HAZ toughness [81, 103]. Beidokhti et al. [104] reported that Ti
concentration higher than 0.05 wt.% caused quasi-cleavage fracture due to the
formation of M-A constituent. Although there is no general agreement on the optimum
Ti addition in high strength line pipe steels, it is known that additions in excess of 0.06
wt.% are extremely detrimental to HAZ fracture toughness. It is thought that this is due
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to either the formation of copious TiC precipitates and/ or the formation of large TiN
precipitates [105]. Smaill et al. [106] also found that the impact transition temperature
increased when Ti content exceeded the stoichiometric content to N. This was explained
by the formation of TiC precipitates which have the precipitation hardening effect but
are detrimental to the toughness.

2.5.6.2 Effect of N content on HAZ toughness

The optimum level of N to deliver the highest HAZ toughness is not agreed among
researchers. There are two opinions concerning the optimal N content. One advises that
higher N content can lower the coarsening rate of TiN precipitates and thus maintain the
particle size effective to limit austenite grain growth. The other suggests that the N
content in solid solution should be kept low to achieve high toughness. As a
consequence, the optimum N contents suggested from different literature sources are
contradictory [92, 93, 107, 108].

According to Hamada et al. [92], the HAZ toughness of Nb-V-Ti (0.01 wt.% Ti)
microalloyed steel was improved with increasing the total N content and the best impact
toughness was obtained at about 80ppm of N, which is at least 20ppm higher than that
of N content required for the stoichiometric Ti/N ratio. The explanation is that the
excess N content above stoichiometric ratio enhanced toughness by increasing the
stability of precipitates through the formation of complex precipitates in Nb-V-Ti
microalloyed steels.

Choi [108] investigated Ti-containing steel (Ti120/N40=3) and N-modified Ti-containing
steel (Ti190/N120=1.6) to understand the thermal stability of TiN particles in the HAZ. In
the former steel, Ti content in precipitates rapidly decreased with increasing peak
temperature while the austenite grain size of HAZ in high N steel was much finer even
at high temperatures up to 1400˚C (as shown in Figure 2-14) [108]. Liu et al. [109] also
found that Ti-V microalloyed steel containing high N content (130ppm) had better
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toughness than low N microalloyed steel (30ppm) due to the presence of fine
precipitates (3-90nm).

(b)

(a)

Figure 2-14 (a) Variation of Ti content as TiN precipitation in simulated HAZ; (b)
Change of austenite grain size with peak temperature in simulated HAZ [108].

This suggested that the TiN particles of high N steel were stable at high temperatures
(up to 1400°C) and more effective to pin austenite grain boundaries and to suppress
grain growth in HAZ. Moving towards hypo-stoichiometric state by increasing N
content decreased the solubility of TiN precipitates in austenite matrix. An increase in N
content resulted in low Ti content in solid solution and a low coarsening rate of TiN
particles in HAZ [108].

However, the multiple regression analysis from Bang et al. [93] showed that the
detrimental effect of free N was much greater than the beneficial effect of TiN on HAZ
toughness. The Charpy impact energy of HAZ with a peak temperature of 1350ºC was
expressed by the following equation:
( )

( 〈

〉)

(

, -)

where, vE-20 is the impact absorbed energy at -20°C, <TiN> and [N] are the calculated
amounts of TiN and free N present after the formation of BN, respectively.
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It was also found that the impact energy of simulated HAZ in 0.02 wt.% Ti-containing
C-Mn steel decreased by about 97J per 10ppm increase of free N if the free N was in the
range of 9-34ppm [80]. The optimum content of N was found to be 60ppm for the 0.02
wt.% Ti-containing microalloyed steel, which is in fact close to the stoichiometric Ti/N
composition. Either too high N (lead to coarse grain boundary polygonal ferrite) or too
low N (lead to ferrite side plate) lead to the formation of undesirable microstructure and
thus deteriorated toughness. The microstructure of high N-containing steel exhibited
high volume fraction of M-A constituent which is considered to be harmful to toughness
[39, 110].

Mukae et al. [107] investigated the HAZ toughness of low carbon steels with different
N contents and found that the HAZ toughness was closely related to the existing form of
Ti and N. This can be expressed by:
(

)

where, vTrs represents the impact transition temperature (in K), Sol. Ti and Sol. N are
the Ti and N content in solution respectively, Insol.Ti is the Ti content as precipitates
and R is the linear correlation coefficient.

This equation suggests that Sol.N has about four times stronger influence on vTrs than
Sol.Ti, and Insol.Ti has only a little effect. So it is proposed that decrease of N content
in solution can significantly improve HAZ toughness. Removal of free N can result in
low transition temperature [106].

From the above information, regarding the effect of N content on toughness, both the
stoichiometric and hypo-stoichiometric ratio of N are recommended but the role of N on
toughness is still unclear.
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2.5.6.3 Optimal Ti/N ratio for toughness

The optimal concentrations of Ti and N are still the subject of debate for microalloyed
steels. The Ti/N ratio should be optimised to deliver sufficient density of TiN
precipitates to retard austenite grain growth and to avoid the formation of TiC and
coarse TiN precipitates which are detrimental to the toughness performance.

If Ti/N ratio is greater than 3.42 in steels only microalloyed with Ti, the CGHAZ
microstructure and toughness can be adversely affected due to the excess of Ti. If the
value of dissolved N is below 80ppm, the Ti/N ratio should be between 2 and 3 to
achieve the optimal HAZ toughness. The optimal Ti/N ratio can be lower for steels
containing microalloying elements Nb and V [98].

He et al. [111]found that steels with hypo-stoichiometric Ti addition (Ti/N=2) and
lower finish rolling temperature (FRT=800°C) exhibited excellent toughness and overall
mechanical properties, which were due to grain refinement and reduced hardening as a
result of fine carbide dispersion. Medina et al. [83] and Rak et al. [98] also reported that
grain size control is optimised with a Ti/N ratio close to 2. Vega et al. [112] claimed
that a Ti/N ratio close to 2 was determined to be optimum for austenite grain size
control. Large number of fine particles increased without increasing the size of the
precipitates. Ti/N ratio higher than the stoichiometric ratio (3.42) was found to be
detrimental for austenite grain control because of precipitates coarsening.

Chen et al. [113] used kinetic models of TiN particle coarsening and dissolution to
investigate two steels with Ti/N ratio of 2.7 (Ti180N67) and 1.6 (Ti160N100) respectively
and found that low Ti/N ratio tends to refine particles and lower the dissolution/
coarsening rate of particles. This was consistent with the results of Vega et al. [114]
which showed that steels with Ti/N ratio below stoichiometric ratio (3.42) exhibited fine
distribution of TiN precipitates. Hence, the advantages of a lower Ti/N ratio are not only
particle refining but also lowering the dissolution and coarsening rate. It was also
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reported that the Ti/N ratio should be maintained lower than stoichiometric ratio of 3.42
to ensure a low coarsening rate of TiN precipitates [91].

From results of the research work summarised above, it is suggested that a hypostoichiometric Ti/N ratio is optimum for HAZ toughness, in term of austenite grain size
control, precipitates size and volume fraction of precipitates. The Ti and N contents are
designed such way that TiN is hypo-stoichiometric since soluble Ti has more adverse
influence on the toughness of welds than soluble N and the precipitates of TiN is
usually driven by more rapid diffusion of N.

By contrast, Wang et al. [115] advised that the grain refinement derived from grain
boundary pinning effect of TiN precipitates with small addition of Ti is most effective at
around stoichiometric Ti/N ratio (3.42). If Ti content was over the stoichiometric ratio, a
precipitation hardening effect from TiC precipitates could result in an increase in
strength but deterioration of toughness. The grain refinement and depletion of free N are
beneficial to toughness.

Smaill et al. [106] reported that the best toughness can be achieved at stoichiometric
ratio. The Ti content should be in the range of 0.02-0.03 wt.% for 50-60ppm Ncontaining steels. It showed that the impact transition temperature reached minimum at
about 0.02 wt.% Ti which occurred at the stoichiometric composition of Ti/N [106].
However, there is no data for the case of Ti/N ratio ranged from 1 to 3.42. So it may not
be logical to conclude from Smaill et al.‟s results that the best toughness property is
achieved at stoichiometric Ti/N composition. As shown in Figure 2-15, recent work
from Okastu et al. [116] investigated X65 pipeline steels having Ti/N ratio in the range
of 2-4. It appears that higher Ti/N ratio can lead to deteriorations in HAZ toughness and
the best CGHAZ toughness was achieved at Ti/N ratio of 2.
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Figure 2-15 Effect of Ti/N ratio on grain size and CGHAZ toughness [116].

It has also been reported that in X80 grade steel (Mn-Nb-Ti alloy system) the Ti/N ratio
of 3.5 is necessary to achieve beneficial effects [117]. Jiao et al.[118] stated that the best
toughness achieved at Ti/N ratio of 3 in high Nb pipeline steels and recommended the
industry control of Ti/N ratio in the range of 2-3. Hillenbrand et al. [117] further
claimed that Ti content in the steels must be less than 0.025 wt.% to avoid the
detrimental effects on the HAZ toughness of the longitudinal weld seam.

The above review advised that different Ti, N additions as well as Ti/N ratios were
considered to be optimum for HAZ properties, especially CGHAZ toughness. Among
this information, the stoichiometric or hypo-stoichiometric Ti/N ratio was most
recommended for improving HAZ toughness from the view of matrix microstructure
(austenite grain size) and precipitates (type, size, volume fraction, dissolution and
coarsening rate).
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2.5.6.4 In presence of multi-component microalloying elements

In order to exploit the potential effect of each microalloying element on the
performance of HSLA steels, combination of two or three microalloying components of
Nb, Ti and V are normally adopted. The addition of multi-component microalloying
elements results in complex precipitates, composition and formation sequence of which
is important for mechanical properties, particularly the weld HAZ toughness. And the
mechanism of multi-component microalloying system is complex.

The effect of Ti additions in Nb-bearing steels is not straightforward. Crowther and
Morrison [119] found that the addition of 0.01 wt.% Ti decreased the yield strength of
C-Mn-Nb steels in hot rolled condition by around 20MPa. On the contrary, it is advised
that Ti can enhance the strengthening effect of Nb when Ti combines with all N in steels
[120]. Addition of Ti in the Mo-Nb system promoted more efficient precipitation
hardening through removal of N by the formation of TiN and allowing the formation of
NbC or Nb(C,N) [5].

The precipitate stability in multi-component microalloying system is not clear from the
literature. Hamada et al. [92] reported that the combination effect of Nb and V render
less Nb in solution compared to a straight Nb-bearing steel, which suggested that mixed
Nb and V can improve the stability of complex precipitates. This multi-component
microalloyed steel contained complex precipitates with higher stability compared with
Ti microalloyed steel. Li et al. [121] found that addition of Ti to V-(Nb) microalloyed
steels can increase the dissolution temperature of carbonitrides and thus produce
precipitates which can withstand high temperatures. On the other hand, it is reported
that the addition of single microalloying element or combination of Nb and V in Ti
microalloyed steels affected the stability of TiN based precipitates because the formed
(Ti,V)N precipitates exhibited lower stability compared to TiN precipitates [78].
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The austenite grain size alters depending on whether steel is microalloyed with single
element or combination of elements. Steel containing only Ti after welding thermal
cycle exhibited finer austenite grain size compared to the steel with combined addition
of Nb and V [78]. This can possibly be explained by theory that more Ti reacts with N
due to lack of competition presented by other nitride formers. On the other side, Chapa
et al. [94] stated that the presence of Nb can improve grain size control. As shown in
Figure 2-16, in the investigated range, Hamada et al. [92] suggested that Ti-bearing
steel alloyed with both Nb and V can provide extra grain refinement effect when N
content exceeds 50ppm. Lau et al. [122] found that steel containing Nb, V and Ti had
the finest austenite grain size in HAZ, while the steel containing only V exhibited the
coarsest austenite grain size.

Figure 2-16 Comparison of effect of total N content on grain size of simulated HAZ of
Nb-V-Ti microalloyed steel and Ti microalloyed steel [92].

The effects of multi-component microalloying elements on HAZ toughness is difficult
to conclude as the reports in the public domain are contradictory. It was concluded by
Lau et al. [122] from the CTOD testing results that steels only microalloyed with Ti had
the best HAZ fracture toughness while steels microalloyed with combination of Nb, V
and Ti exhibited the poorest toughness among the studied steels. The disadvantageous
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effect of Nb can be explained by theory that Nb promotes the formation of large fraction
and size of M-A constituent which is detrimental to fracture toughness [123]. Also, the
microsegregation of Nb around TiN particles impeding the nucleation of fine ferrite can
also attribute to low toughness [122]. Kerr et al. [124] stated that the presence of both
Nb and V resulted in greater increase in the impact transition temperature than Nb alone,
which is possible due to solid solution hardening. It was also reported that V content up
to 0.11 wt.% resulted in deteriorated toughness because of the increase of fraction and
size of M-A islands [123].

2.6 High temperature processing (HTP) line pipe steels

Nb is a basic building block in the formulation and metallurgy of pipeline steels, and
plays a major positive role in optimising the manufacturability, final properties and
performance of microalloyed steels [125]. It is reported that microalloyed with Nb is
effective to improve both strength and toughness with proper metallurgical conditions
[126]. The addition of Nb in high strength line pipe steels is in the range of 0.005-0.11
wt.%. In this section, the pipeline steels containing high Nb (up to 0.11 wt.%) are
reviewed.

Recently, an alternative low C-Mn HSLA steel utilising a high Nb level up to 0.10 wt.%,
which develops ferrite/ acicular ferrite microstructure, has been successfully used in
X80 transmission pipeline projects [42, 46, 127]. The high Nb content has been shown
to have stronger retardation effect on the recovery and recrystallisation of austenite
[125]. This allows the FRT to be 100°C higher than conventional line pipe steels [38].
Therefore this steel can be produced at high temperatures with reduced milling forces
and increased mill productivity [42, 46]. This is the HTP steel which refers to such
steels containing about low C (0.03-0.04 wt.%), high Nb (0.09-0.11 wt.%) and Ti/N
treatment, which is specifically designed for HTP [42].
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It is pertinent to point out the salient features of the high Nb alloy design and the
improvements in processing conditions that also provide economic benefits to the steel
makers. Key features of this high Nb alloy design include:
1) Reduced carbon content:
a) minimises elemental partitioning (i.e. segregation) during casting, as
schematically shown in Figure 2-17 [128]. Avoidance of the peritectic
reaction eliminates the involvement of enriched interdendritic liquid during
transformation and furthermore provides an extended solidification range in
δ-ferrite that enhances homogenisation of the newly formed solid prior to
further transformation on cooling.
b) maintains and enhances the solubility of Nb to assist in the benefits outlined
above [128]. Most notably, the delayed precipitation of carbonitrides
enhances the hot ductility and increases the operating window for hot rolling,
and therefore reduces mill operating loads. The consequential benefits to
available mill uptime and maintenance downs should also be considered.
c) reduces CE and therefore improves the weldability for reduced
susceptibility to HACC.

2) Controlled Ti addition which provides control of N for selection of optimal
NbC precipitation, and avoids the formation of mixed carbonitride precipitates
which occur over a larger temperature range.
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Figure 2-17 Part of the Fe-C diagram with classification of the segregation severity
[128].

This alloy design therefore offers a number of economical processing advantages over
traditional grades, particularly API high strength grades, as pointed out by Ouaissa et al.
[129].
1) Continuous casting can be successfully achieved over an increased slab width
range providing greater tonnage throughput at slab making operations.
2) Hot ductility is improved and so slab cracking issues are avoided. This not only
avoids the necessity for slab inspections and reconditioning but also provides the
opportunity to reduce energy consumption by direct hot charging.
3) Increased thermal processing window enables more significant slab width
reductions at the sizing press.
4) FRT/ Tnr is increased and so entry to finishing mill is increased by roughly
100°C and so provides latitude for increased reductions and/ or reduced mill
loadings, thereby minimising mill wear and tear.

In summary, the alloy design permits steel mills with low installed rolling forces to
produce high strength steel grades with enhanced toughness [128]. Also, HTP steels
with a composition of reduction or elimination of Mo, V and other elements have
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obvious economic benefits. In addition, the target bainitic microstructure with good
distribution of HAGBs can be obtained over a wide range of cooling rates for the
improvement of toughness [46, 130].

Due to the above advantages, HTP steels have been used and have more potential for
pipeline projects. In 2005, the world‟s longest X80 grade pipeline project with length of
616km, Cheyenne plains gas pipeline, was constructed using HTP alloy design [131].
The composition and properties are listed in Table 2-9 [131]. It can be seen that Mo was
replaced by Cr to keep the requirement of mechanical properties and simultaneously
reduce the cost.

Table 2-9 Chemical composition and mechanical properties of HTP X80 grade pipe
steel used in the first USA X80 line pipe project [131].
Pipe
UOE (new HTP
design)
HSAW
(traditional HTP)
Pipe
UOE (new HTP
design)
HSAW
(traditional HTP)

C

Mn

Si

Nb

Cr

0.04

1.58

0.13

0.098 0.24

0.03

1.68

0.27

0.095

Rt0.5/

Rm/

MPa

MPa

605

703

585

707

-

Mo
-

Ni

Pcm

0.011 0.011 0.15

0.30 0.019 0.019 0.16
vE-7/ J

DWTT(-7°C)/

Y/T

Ti

SA%

BM

HAZ

WM

0.86

100

292

290

80

0.83

-

-

-

-
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2.7 Summary and scope of the work

In this chapter, an introduction to development of pipelines with different
microstructure and properties was given, in addition to the TMCP technologies for the
processing of steel plates. The focus on this chapter was to comprehensively review the
improvement of HAZ toughness through microalloying technology, especially Ti and
Nb.

Microalloying additions of Nb and Ti in line pipe steels can significantly alter the HAZ
microstructure and resultant mechanical properties. From the above review, it is
apparent that different literature sources consider various Ti and N additions as well as
Ti/N ratios to be optimum and deliver most beneficial HAZ properties. The different
experimental conditions (chemical composition, rolling schedule, welding process and
HI etc.) of the steels investigated by various authors make the direct comparison of the
results very difficult. The opinion prevailing in the literature is that for purposes related
to improving HAZ toughness hypo-stoichiometric or stoichiometric ratio of Ti/N
provides good results, especially when Ti precipitation is delayed to solid state. Some
pipe specifiers seek to limit Ti/N ratio to hypo-stoichiometric values to achieve
excellent toughness. The different specifications impose different limit of Ti and Ti/N
ratio. So the clarification or confirmation of the effects of Ti, N and Ti/N ratio on HAZ
of pipeline steels is still required and is the basis of the current study.

The HTP technology for the pipeline steels containing high Nb addition up to 0.11 wt.%
provides numerous benefits: reduced mill force, wide processing window, improved hot
ductility etc. This HTP steel can offer good balance of strength and toughness within a
wide range of processing parameters. This provides another approach to improving the
HAZ toughness through Nb microalloying. Despite the wide ranging research (reviewed
in Section 2.6) carried out on the role of Nb in steels, there is relatively limited work on
the effect of increased Nb concentration on weld HAZ microstructure and properties in
these low carbon steels. The mechanisms of high Nb in HAZ of line pipe steels are still
not clearly understood. Therefore the assessment of microstructure and mechanical
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properties in HTP pipeline steels is needed to elucidate the microstrcutural evolution
and correlation between microstructure and properties. This forms the other branch of
the present study.

This research work therefore addresses the microstructure and mechanical properties in
HAZ of X70 and X80 pipeline steels and can be divided into four basis sections as
folllows:

Firstly, the actual longitudinal pipe welds of X70 pipeline steels with different Ti/N
ratios was particularly evaluated. The microstructure of BM, WM and CGHAZ was
observed using optical microscope (OM) and scanning electron microscope (SEM).
Hardness testing and Charpy impact testing were used to evalute the properties of real
welds. This part of work is included in Chapter 4.

Secondly, thermal simulation was used to duplicate CGHAZ of X70 steels with
different Ti, N levels and Ti/N ratios. Quantitative metallographic analysis was
performed on the simulated CGHAZ. The microstructure and preipitates in simulated
CGHAZ were examined using electron backscatter diffraction (EBSD) and transmission
electron microscope (TEM) respectively. Charpy impact testing and hardness testing
were used to determine the properties. This part of work is described in Chapter 5.

Thirdly, thermal simulation of IC-CGHAZ for steels with different Ti/N ratios was
performed. Based on the dialatometry experiments, the peak temperatures of the
reheated process (Tp2) were selected to be 813°C, 838°C and 868°C. The microstructure
was examined by using OM and SEM. The colour etching and quantitative
metallographic techniques were used to determine the fraction of M-A constituent. This
part of work is presented in Chapter 6.
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Finally, in Chapter 7 the thermal simulation of HAZ in Nb microalloyed steels was
carried out, with focus on the high Nb HTP X80 steel. This chapter contains three
specific aspects:


assess the influence of HI on the simulated CGHAZ of high Nb HTP X80 steel.
Six different thermal cyles were designed for simulated CGHAZs based on the
equivalent HIs of 0.8kJ/mm, 1.2kJ/mm, 1.8kJ/mm, 2.5kJ/mm, 3.5kJ/mm and
5kJ/mm. The prepared samples of HTP steel were charactersied by various
techniques: OM, SEM, EBSD and TEM (for selected samples). Hardness testing
and Charpy impact testing were performed for the simulated CGHAZs.



study the ductile brittle transition behaviour in simulated CGHAZs of HTP X80
steel through a comparison to conventional X70 steel. The microstructure was
comprehensively analysed, and a series of Charpy impact testing was conducted
to construct the ductile brittle transition curves.



investigate the grain coarsening behaviour in HAZ of Nb microalloyed steels.

In summary, the overall aim of this study was to identify an optimal steel alloy design
with respect to primarily Ti, but also Nb for the improvement of HAZ toughness, and to
demonstrate this by the microstructure-property correlation and the controlling
mechanisms in high strength pipeline steels.
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3 Experimental Instruments and Methodologies

In this chapter, the experimental instruments and methodologies used in this study are
briefly introduced. The experimental details and results are described in the following
chapters.

3.1 Gleeble simulation of heat affected zone (HAZ)

Gleeble 3500 is a fully integrated digital, closed loop control thermomechanical testing
facility. It can achieve heating rates of up to 10000°C/s. Sample grips that hold the
specimens are manufactured from materials possessing high thermal conductivity,
making the Gleeble 3500 capable of high cooling rates. An optional quenching system
can achieve cooling rates in excess of 10000°C/s at the specimen surface. The
thermocouples spot welded at the region of interest on the specimen surface provide
information to CPU that allows very accurate control of specimen temperature. A photo
of Gleeble 3500 system located at the University of Wollongong is shown in Figure 3-1.
It is an excellent tool for weld HAZ simulation. It has the capability to produce
sufficient volume of microstructure that experienced identical thermal history as the
specific HAZ subzones of actual welds.
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Figure 3-1 (a) Gleeble 3500 thermomechanical simulation system used for weld HAZ
simulation; (b) the testing chamber capturing the weld HAZ simulation in progress.

In the present study, the Gleeble thermal simulation was employed to produce sufficient
volume of the critical HAZ regions that experienced identical thermal history as in the
real welds. These simulated samples were subjected to microstructural analysis and
mechanical testing. The rectangular bars with dimension of 10mm×10mm×90mm were
machined from the pipes along the transverse direction. K-type thermocouples were
spot welded at the middle of the bars for temperature control and recording. The
samples were clamped by using the copper grips with gauge length of 15mm.

The thermal profiles used in this study were determined by using QuickSim software.
The interface of this software is shown in Figure 3-2. The Rykalin-2D model was
selected to design the appropriate thermal profiles and thus simulate the particular HAZ
subzones. The temperature of the samples was monitored and recorded through the
thermocouples. Also, the peak temperature and the cooling rate simulating different heat
inputs (HIs) were set in the program as the variables. The cooling rate was controlled by
the cooling time between two specific temperatures 800°C and 500°C (i.e. Δt8/5), and
this cooling time was used as a representation of the desired HI.
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Figure 3-2 Interface of QuickSim software for the weld HAZ simulation.

3.2 Sample preparation for metallography

In this study, the actual welds and simulated HAZ specimens were cut into appropriate
dimension at the region of interest. The cutting process was carried out using an
aluminum oxide blade on the Struers Accutom (shown in Figure 3-3).

Figure 3-3 Struers Accutom precision cut-off machine.
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The parameters of the cutting process set on the machine are listed as follows:
Blade: 50A13
Feed speed: 0.03mm/s
Force: low
Blade rotation speed: 3000rpm
Cooling system: recirculate water

Afterwards, the samples were mounted in Polyfast powder (conductive resin), followed
by grinding and polishing on the Struers automatic polisher Tegrapol 21 (as shown in
Figure 3-4). The grinding and polishing procedures are presented in Table 3-1.

Figure 3-4 Photo of Struers automatic grinder and polisher Tegrapol 21.
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Table 3-1 Sample preparation procedures for microstructural analysis.
Procedure

Surface

Force, N

Time, minute

Solution

grinding

220# SiC paper

25

2

water

polishing

9μm Largo cloth

25

5

water-based lubricant

polishing

6μm Dac cloth

25

5

water-based lubricant

polishing

3μm Dac cloth

25

5

water-based lubricant

polishing

1μm Dur cloth

15

5

water-based lubricant

polishing (for

0.25m MD-Chem

EBSD only)

cloth

10

5

50% OPS

3.3 Optical microscope (OM) and stereo microscope

The concept of OM (also referred to as “light microscope”) applied to investigation of
materials is to use visible light and a series of lenses to magnify images of specimens
and examine the microstructure of materials. The OM used in this study was Leica
DMR OM and the photo of this microscope is shown in Figure 3-5.
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Figure 3-5 Photo of Leica DMR OM.

To enable to study different aspects of the microstructure using OM, the freshly
polished specimens were etched with different reagents (refer to Table 3-2).

Table 3-2 The reagents used in the experiments of this study.
Purpose
To reveal microstructure
To reveal prior austenite grain
boundaries
To reveal martensite (M-A
islands)

Reagent

Solution

Nital

2.5 vol.% nital

Picral

Picric acid (ethanol, at 68°C)

LePera

1 vol.% Na2S2O5 (aqueous)+4 vol.%
picric acid (ethanol), volume ratio 1:1

The stereo microscope is an OM variant designed for low magnification observation of
samples. It produces a 3-D visualisation of the surface being examined. In this study,
the stereo microscope was used to obtain the overall image of weld profiles and macro
fractographs of broken Charpy specimens. The photo of stereo microscope used is
shown in Figure 3-6.
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Figure 3-6 Photo of Leica M205A stereo microscope.

3.4 Scanning electron microscope (SEM)

SEM is a type of electron microscope that produces images of a sample by scanning its
surface with a focused beam of electrons. JEOL 6490 SEM (as shown in Figure 3-7)
was used to investigate the microstructure of the specimens and the fracture surfaces of
broken Charpy impact specimens.

Figure 3-7 Photo of JEOL 6490 SEM.
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Electron backscatter diffraction (EBSD) is a microstructural-crystallographic technique
used to examine the crystallographic orientation in materials. In the present study, JEOL
7001F field emission gun scanning electron microscope (FEG-SEM) (as shown in
Figure 3-8) was used to acquire the information about the orientation of the sub-grains
and to construct the EBSD maps of simulated HAZ.

Figure 3-8 JEOL JSM 7001F FEG-SEM.

The EBSD maps were collected from the FEG-SEM at voltage of 15kV. The HKL
Channel 5 software was used to analyse the acquired maps in offline mode. The
software interface is shown in Figure 3-9.
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Figure 3-9 The interface of HKL Channel 5 software used to interpret the EBSD data.

3.5 Transmission electron microscope (TEM)

JEOL JEM 2011F field emission gun transmission electron microscope (FEG-TEM)
equipped with an energy dispersive X-ray spectroscopy (EDS) detector (as shown in
Figure 3-10) was used to study the precipitates in the specimens. It allows high
resolution images taken from carbon replicas which are used to extract the precipitates
from the surface of the specimens. Also, the detailed information about crystal structure
and composition can be obtained to identify the precipitates. For this type of TEM
characterisation, an accelerating voltage of 200KV was employed.
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Figure 3-10 Photo of JEOL 2011F TEM.

3.6 Hardness testing

The hardness testing method used in this study was Vickers hardness, which was
developed in 1921 by Smith and Sandly as an alternative to the Brinell method to
measure the hardness of materials [132]. In the present study, the hardness testing was
performed on DuraScan 70 automatic hardness tester (as shown in Figure 3-11). The
reported values are the average of five measurements taken at the particular region of
interest.

Figure 3-11 Photo of DuraScan 70 automatic hardness tester.
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3.7 Charpy impact testing

In materials science and metallurgy, toughness is described as the ability of materials to
absorb energy and plastically deform without fracturing. The Charpy impact test, also
known as Charpy V-notch (CVN) test, is a standardised high strain-rate test which
determines the amount of energy absorbed by materials during the impact of the
hammer which typically causes complete or partial fracture of the specimen. This
absorbed energy is a measure of a specific material‟s toughness and acts as a tool to
describe temperature-dependent ductile brittle transition behaviour. It is widely applied
in industry, because the sample preparation and realisation of test itself are relatively
simple, what facilitates quick and inexpensive data generation.

In this study, the Charpy impact testing was used to measure the toughness of the base
materials, actual welds and simulated HAZs. The photo of the equipment employed is
shown in Figure 3-12. The full size (10mm×10mm×55mm) V-notch specimens were
used for the toughness testing according to ASTM E23 standard.

Figure 3-12 Photo of Charpy impact tester.
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3.8 Summary

The experimental facilities and methodologies used for the current study were reviewed
in this chapter. The detailed experimental procedures employed to study a particular
condition as well as corresponding experimental results are presented and discussed in
the following chapters.
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4 Steel Welds with Different Ti/N Ratios

4.1 Introduction

As the dramatic increase of energy consumption, it is imperative to develop high
strength pipelines with excellent properties for the purpose of saving the tonnage of
materials used in the main infrastructure projects. Currently the plates and pipe bodies
can deliver good combination of high strength and excellent toughness through the
clean steelmaking practice, advanced thermomechanical processing (TMCP) technology
and proper alloy design. For instance, it has been reported that the ultra-high strength
X120 grade line pipe steels with a dual-phase microstructure of bainite and martensite
can achieve superior Charpy impact toughness (vE-30>200J) and excellent deformability
(the yield strength to tensile strength ratio Y/T=0.86) through the online heating process
[25]. The ultra-low carbon X80 steel developed in JFE with a dominant microstructure
of bainitic ferrite can achieve good balance of mechanical properties in base metal (BM,
vE-60>300J) through the use of advanced TMCP technology [133].

Although the superior properties can be achieved in base materials, the toughness
properties in the heat affected zone (HAZ) can be dramatically degraded during the
welding process. Because the high temperature experienced in welding thermal cycle
leads to microstructural changes (such as grain coarsening, precipitation coarsening/
dissolution) within the HAZ surrounding the molten weld bead, and therefore
deteriorates the mechanical properties. So it is of great significance to improve the
properties of welds and produce high quality line pipe welds for the end users.

Grain size refinement is the only effective method to improve both strength and
toughness. Steel production, alloy design and TMCP technology are used to control
grain size and microstructure and thus improve the mechanical properties. A fine and
homogeneous distribution of precipitates can contribute to grain size refinement when
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austenite transforms at low temperatures. In welds, where high temperatures and
cooling rates are involved, the kinetics of precipitation and grain growth vary
significantly in contrast to casting or wrought structure. The presence of precipitates
that do not dissolve or coarsen during the welding thermal cycle serve to limit the extent
of grain coarsening in the HAZ.

For this purpose of improving HAZ toughness, single or combination additions of
microalloying elements Ti, Nb and V are usually utilised. TiN precipitates, which can
stand high temperatures up to 1350°C during welding, is the most stable among of all
the microalloying precipitates. The presence of TiN precipitates in steels inhibits grain
growth in weld HAZ by pinning the prior austenite grain boundaries. In improving the
effectiveness of grain refinement appropriate levels of Ti and N concentrations in term
of their ratio have been identified as a good index [53, 55].

However, as specifically described in Chapter 2, the optimal alloy design of Ti and N as
wells as Ti/N ratio with respect to HAZ toughness in line pipe steels is a subject of
debate in the public domain. The work in this chapter aims to provide a fundamental
understanding of the effect of Ti and N concentrations on HAZ microstructure and
properties in X70 steel welds. A series of otherwise identical samples of API 5L grade
X70 steel UOE (U-ing, O-ing and Expansion) pipes with various Ti/N ratios have been
evaluated, with particular focus on the evaluation of the weld zone microstructure and
mechanical properties.

4.2 Experiments

4.2.1

Investigated materials

The materials used for this study were API 5L grade X70 steel UOE pipes with various
Ti, N levels and Ti/N ratios. Two sets of samples were investigated:
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1) the nine small samples, including longitudinal weldments at the half width,
referred to as Set 1, were sectioned from full pipes with the dimension of
diameter 1067mm×wall thickness 14.1mm with different Ti/N ratios ranging
from 2.02 to 4.23. The size of each sample is approximately width 200mm×length
150mm, as shown in Figure 4-1.

2) the five full pipes, referred to as Set 2, were X70 pipes with dimension of
diameter 1067mm×wall thickness 14.1mm×length 500mm. The steel chemistry of
each sample, except Ti and N concentrations, is almost identical.

Both Set 1 and Set 2 samples were from the same production line, so the processing
history is identical. The chemical composition of base materials of Set 1 and Set 2 is
shown in Table 4-1 and Table 4-2 respectively. The carbon equivalent (CE) was
calculated using the following equations:
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Figure 4-1 Typical photo of Set 1 samples sectioned from X70 UOE pipes.

Table 4-1 Alloy contents of Set 1 samples. The base composition of the steel is Fe0.25Si-0.21Ni-0.15Mo-0.15Cu-0.027V-0.05Nb-0.007P-0.001S-0.0003B-0.002Ca,
wt.%. (CEIIW=0.36-0.40, Pcm=0.16-0.18)
Sample No.

C

Mn

Al

Ti

N

Ti/N ratio

1

0.049

1.52

0.039

0.0093

0.0046

2.02

2

0.051

1.55

0.036

0.0081

0.0040

2.03

3

0.051

1.53

0.032

0.0084

0.0034

2.47

4

0.052

1.62

0.042

0.0100

0.0037

2.70

5

0.054

1.55

0.034

0.0084

0.0029

2.90

6

0.071

1.57

0.038

0.0110

0.0037

2.97

7

0.054

1.62

0.045

0.0110

0.0031

3.55

8

0.049

1.57

0.039

0.0088

0.0024

3.67

9

0.050

1.52

0.042

0.0093

0.0022

4.23
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Table 4-2 Steel chemistry of Set 2 samples. The base composition of the steels is Fe0.047C-0.23Si-1.59Mn-0.20Ni-0.15Mo-0.15Cu-0.024V-0.055Nb-0.007P-0.001S0.0002B-0.0027Ca, in wt.%. (CEIIW=0.37, Pcm=0.16)
Sample No.

Cr

Al

S

P

Ti

N

Ti/N ratio

A

0.029 0.034 0.0006 0.0082 0.0060 0.0032

1.88

B

0.028 0.035 0.0014 0.0059 0.0088 0.0036

2.44

C

0.031 0.030 0.0006 0.0090 0.0077 0.0031

2.48

D

0.017 0.042 0.0006 0.0101 0.0087 0.0027

3.22

E

0.026 0.043 0.0004 0.0107 0.0083 0.0017

4.88

The steel pipes were welded in BaoSteel through longitudinal two-pass submerged arc
welding (SAW) procedure. There were two passes: the inner pass and the outer pass.
The welding procedures and parameters are presented in Table 4-3. Heat input (HI) was
calculated using the following equation:

where, HI is heat input (kJ/mm), μ is welding process efficiency (0.95) [65, 134, 135], V
is arc voltage (V), I is welding current (A) and S is welding travel speed (mm/min).
Typical weld metal (WM) composition is shown in Table 4-4.
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Table 4-3 SAW parameters for pipe welds.
Current (A)

Voltage (V)

Pass

Travel
Speed

HI (kJ/mm)

1 (DC+)

2 (AC)

3 (AC)

1

2

3

(mm/min)

Inner

800

650

500

32

34

36

1600

2.34

Outer

900

600

500

34

38

40

1700

2.46

*Wire Classification: BHM-9; Stick Out: 30±2 mm.

Table 4-4 Average WM composition for both inside and outside weld deposited in
sample 2 as shown in Table 4-1. The base composition is Fe-0.01P-0.35Si-0.0015S0.14Ni-0.03Cr-0.22Mo-0.11Cu-0.015Al-0.0005Ca, in wt.%.
Elements

Outer Weld

Inner Weld

C

0.055

0.055

Mn

1.57

1.575

Mo

0.22

0.215

Nb

0.0295

0.031

Ti

0.0175

0.0165

V

0.0165

0.017

B

0.0011

0.0010
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4.2.2

Metallography

The longitudinal two-pass SAW joints were sectioned from the as-received Set 1 and
Set 2 samples. The samples were prepared according to the standard metallography
method. Then the samples were etched in 2.5 vol.% nital solution for microstructural
examination by using the optical microscope (OM) and scanning electron microscope
(SEM). Micrographs from representative regions were captured. The SEM micrographs
were photographed at voltage of 20kV and working distance of 10mm.

Afterwards, Set 1 samples were re-polished and etched in picric acid at around 68°C to
reveal and highlight the prior austenite grain boundaries within the coarse grained heat
affected zone (CGHAZ) of the actual two-pass SAW joints. Grain size measurements
were performed using the linear intercept method. Only the grains along the fusion line
of outer pass were taken into account. One micrograph for grain size measurement was
shown in Figure 4-2.

CGHAZ

Figure 4-2 An example of optical micrographs of Sample 9 showing the austenite
grains adjacent to the weld fusion line. Etched in picric acid.
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4.2.3

Hardness testing

To evaluate the hardness variation of BM, HAZ and WM, hardness testing was
performed across the welds with 0.5mm indentation spacing and 200g load. Also,
hardness values down the weld centreline were also measured with 1mm spacing and
1kg load. Moreover, the HAZ hardness values along the weld fusion line were recorded
for selected typical welds with 1kg load and 1mm spacing.

4.2.4

Charpy impact testing and fracture surface analysis

The tensile testing and Charpy impact testing for pipe bodies (i.e. BM) of Set 1 samples
were done in BaoSteel on behalf of the author according to ASTM E8 and ASTM E23
respectively. The configuration of full size Charpy V-notch (CVN) samples with
dimension of 10mm×10mm×55mm is displayed in Figure 4-3. The orientation of
Charpy samples is T-L orientation (refer to ASTM E23). The testing temperatures were
selected to be 20°C, -10°C, -20°C, -40°C, -60°C and -80°C.

Figure 4-3 Configuration of specimen for Charpy impact testing [136].

To investigate the correlation between steel chemistry and HAZ toughness properties,
the Charpy impact testing for the welds of Set 2 samples was performed. As shown in
Figure 4-4, the V-notch is located at the position where the notch sectioned 25% WM
(outer pass) + 50% HAZ + 25% WM (inner pass). The testing temperatures were 0°C, 80
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20°C and -40°C. For comparison, the pipe bodies of Set 2 samples were also impacted
at temperatures of -20°C and -40°C with identical testing specification.

(a)
10mm

55mm

(b)
Notch location

Figure 4-4 The notch location of real welds for CVN specimens. The notch sectioned
25% outer pass WM, 50% HAZ and 25% inner pass WM. (a) Photo showing the
location of notch in actual two-pass SAW welds (indicated by black line); (b)
Illustration of the notch location.

To determine the fracture mode, the macrographs of the broken samples were taken
using the stereo microscope. The fracture surfaces were observed by using SEM at
voltage of 20kV and working distance of around 35mm.
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4.3 Results

4.3.1

Metallography of Set 1 welds

The schematic drawing of a typical two-pass SAW joint is shown in Figure 4-5.
According to the temperature experienced during welding, the HAZ for each single pass
can be divided into three subzones: coarse grained heat affected zone (CGHAZ) where
the peak temperature reaches above 1200°C; fine grained heat affected zone (FGHAZ)
where the peak temperature is between 900°C and 1200°C and intercritical heat affected
zone (ICHAZ) where the peak temperature is normally between 720°C and 900°C
(actually between Ac1 and Ac3 temperature). The CGHAZ has been found to be the
weakest region of all the three regions. For the multi-pass welding, the CGHAZ of the
previous pass which would be heated by the subsequent pass to a temperature between
Ac1 and Ac3 exhibits the lowest toughness of all regions [137]. This region is called
intercritically reheated coarse grained heat affected zone (IC-CGHAZ). Both CGHAZ
and IC-CGHAZ are the two critical regions and of primary interest.

Figure 4-5 A schematic drawing of two-pass SAW joint showing: CGHAZ, FGHAZ,
ICGAZ and IC-CGHAZ.

The macrographs of weldments for Set 1 samples are shown in Figure 4-6. The inner
pass (bottom) is reheated by the outer pass (top). The weld shape and alignment were
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excellent and the contact angle at the weld toes was very good. It also can be observed
from the macrographs that the welds are free of cracks.

Figure 4-6 Macrographs of the welds showing the weldments from inside (bottom) and
outside (top). Figure (a)-(i) represent Sample 1-9 in Table 4-1 respectively.

Austenite grain size varied around the fusion line of each welds and was related to weld
shape and thermal cycle experienced locally. Maximum coarsening was observed under
the shoulder/ cap. Figure 4-7 shows the microstructure of CGHAZ which is populated
mostly with bainitic ferrite and aligned secondary phase assumed to be martensiteaustenite (M-A) islands.
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M-A

Figure 4-7 Optical micrographs of CGHAZ etched using 2.5 vol.% nital at the point of
inflection in the weld profile. Figure (a)-(i) represent Sample 1-9 in Table 4-1
respectively.

The BM microstructure of Set 1 samples is presented in Figure 4-8 and some selected
SEM micrographs are shown in Figure 4-9. As can be seen from these two figures the
dominant microstructural constituents of the BMs were very fine polygonal ferrite
(around 5-10μm), although isolated patches of mixed grain size were observed. Fine
islands of pearlite were also observed in BM microstructure. The BM also contained
evidence of segregation in the middle thickness region of the plate.

The optical microstructure of WM for Set 1 samples is shown in Figure 4-10 and
selected SEM micrographs of WM are present in Figure 4-11. Observation in WM
micrographs shows the presence of proeutectoid ferrite and acicular ferrite as is typical
of low alloy steel welds. It is well known that acicular ferrite in WM nucleates on and
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grows from non-metallic inclusions. Acicular ferrite is also known to provide an
optimal combination of strength and toughness [58].

Figure 4-8 Optical micrographs of BM etched using 2.5 vol.% nital at quarter thickness
location from top. Figure (a)-(i) represent Sample 1-9 in Table 4-1 respectively.
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Figure 4-9 SEM photographs of representative regions of BM with different Ti/N ratios.
The photos were taken at quarter thickness. (a) Sample 1, Ti/N 2.02; (b) Sample 6, Ti/N
2.97; (c) Sample 7, Ti/N 3.55; (d) Sample 9, Ti/N 4.23.
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Figure 4-10 Optical micrographs of WM etched using 2.5 vol.% nital in the central
region of the outer weld pass. Figure (a)-(i) represent Sample 1-9 in Table 4-1
respectively.

87

4. Steel Welds with Different Ti/N Ratios

Figure 4-11 SEM photographs of WM in the central region of the outer weld pass. (a)
Sample 1, Ti/N 2.02; (b) Sample 6, Ti/N 2.97; (c) Sample 7, Ti/N 3.55; (d) Sample 8,
Ti/N 3.67.

4.3.2

Prior austenite grain size in CGHAZ of Set 1 welds

The prior austenite grain size measurements were performed close to the fusion line to
capture the grain size variations within the CGHAZ of Set 1 steel welds. As shown in
Figure 4-12, the average prior austenite grain size in CGHAZ of the investigated
samples was in the range of 80-100μm. For the range of Ti and N evaluated, the HAZ
austenite grain size was well controlled and did not reveal any correlation with the Ti/N
ratio.

88

4. Steel Welds with Different Ti/N Ratios

Figure 4-12 Prior austenite grain size measured along the weld fusion line within the
CGHAZ.

4.3.3

Hardness testing of Set 1 welds

Hardness is an important indicator for the cold cracking resistance, strength, ductility,
toughness and corrosion resistance [138]. Vickers hardness measurements were
performed on the two-pass SAW welds at the regions shown in Figure 4-13.

Figure 4-13 Schematic representation showing locations of Vickers hardness (10kg
load).
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Region A, B and C each had 15 indentations from left to right covering the BM, HAZ
and WM on both sides of the weld. Microhardness indentations can be localised to
phase constituents and can increase variability in results as defined by the indentation
size effect [139]. Hence, a load of 10kg was employed to determine the average
hardness of the microstructure. Measured values of hardness for regions A, B and C are
shown in Figure 4-14. It can be noted that the WM hardness overmatches the HAZ and
BM. This can be attributed to the strength overmatching of welding consumables.

No effect of Ti/N ratio was found on the hardness values shown in Figure 4-14. A
comparison of hardness in the three regions showed that the overall hardness of region
C is higher than that of Region A and Region B. The fact that both weld deposits were
produced under almost identical conditions (Table 4-3) and possessed similar
compositions (Table 4-1) indicates the likelihood that the sequence of welding
influenced the final hardness on the inside region of the seam weld and that the increase
in hardness is due to tempering hardening. As is shown in Figure 4-15 the inner weld
HAZ also consistently exhibited a higher hardness.
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Figure 4-14 Vickers hardness of BM, HAZ and fusion zone for the left hand locations
shown in Figure 4-13. The bars indicate the scatter in hardness as observed for the nine
welds of Set 1 samples.

Figure 4-15 Hardness of HAZ for the inner (bottom) weld and the outer (top) weld. The
bars represent the standard deviation of hardness in the respective HAZ.

As shown in Figure 4-16, hardness measurements down the weld centreline revealed a
marked difference in hardness of the outer (top) weld and the inner (bottom) weld. The
hardness increase in the inner WM confirms the tempering hardening effect.
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Figure 4-16 WM centreline hardness tested with 1 kg load.

4.3.4

4.3.4.1

Mechanical properties

Properties of BM

Tensile testing of the pipe bodies for Set 1 samples was performed using round bars
along the transverse direction. The strength and elongation data (tested in BaoSteel on
behalf of the author) of BM with various Ti/N ratios is shown in Figure 4-17. The yield
strength, tensile strength and elongation are in the range of 520-605Mpa, 595-675Mpa
and 8-10%, respectively. These are satisfied with the requirements of API 5L grade X70
steel according to API 5L specification: yield strength 485-635MPa, tensile strength
570-760MPa, Y/T ratio <0.93 [140]. From the results, it can be noted that there is no
obvious correlation between the Ti/N ratio and strength properties.
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Figure 4-17 Tensile testing of pipe bodies for X70 steels with various Ti/N ratios
(round bar, transverse).

The BM toughness for Set 1 samples was performed at a series of temperatures from 80°C to 20°C in BaoSteel. The Charpy impact energy of BM as a function of testing
temperature for Set 1 steels are presented in Appendix 1. The Charpy impact energy is
higher than 200J at testing temperatures of -40°C and above. The impact energy is still
acceptable but much more scatter at testing temperatures of -60°C and -80°C. The
Charpy impact testing indicates that the BM with different Ti/N ratios exhibited
excellent toughness.

For comparison with the toughness of weld HAZ of Set 2 steels, the corresponding BM
toughness was measured at testing temperatures of -20°C and -40°C. The impact energy
as a function of Ti/N ratio is presented in Figure 4-18. It can be seen that at both testing
temperatures the impact energy is consistently above 250J within the studied range of
Ti/N ratio (1.88-4.88). This was consistent with the BM toughness of Set 1 steels. The
macrographs of fractured Charpy samples are present in Figure 4-19. All of the fracture
surfaces exhibited ductile mode of fracture. The fracture surfaces (areas indicated by the
red rectangles in Figure 4-19) examined by SEM are shown in Figure 4-20. At both
testing temperatures of -20°C and -40°C, the facture surfaces are characteristics of fine
dimples, which reflect the good toughness properties in BM.
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Figure 4-18 BM toughness of Set 2 steels containing various Ti/N ratios.
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Figure 4-19 Macrographs of broken Charpy samples of BM with different Ti/N ratios
tested at temperatures of -20°C and -40°C. (a) Steel A at -20°C; (b) Steel A at -40°C; (c)
Steel B at -20°C; (d) Steel B at -40°C; (e) Steel C at -20°C; (f) Steel C at -40°C; (g)
Steel D at -20°C; (h) Steel D at -40°C; (i) Steel E at -20°C; (j) Steel E at -40°C.
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Figure 4-20 Fracture surface of BM examined by using SEM (region indicated in
Figure 4-19): (a) Steel A at -20°C; (b) Steel A at -40°C; (c) Steel B at -20°C; (d) Steel B
at -40°C; (e) Steel C at -20°C; (f) Steel C at -40°C; (g) Steel D at -20°C; (h) Steel D at 40°C; (i) Steel E at -20°C; (j) Steel E at -40°C.

4.3.4.2 Properties of actual welds

The V-notch of the Charpy specimens for actual welds consisted of 50% WM and 50%
HAZ (as shown in Figure 4-4). The toughness of the actual welds measured at
temperatures of 0ºC, -20°C and -40°C is presented in Figure 4-21. It can be seen that at
testing temperature of 0°C the real welds Charpy samples of all the investigated steels
exhibited excellent toughness (vE0>250J). With decreasing the testing temperature to 20°C the sharp negative drop in toughness was observed, whereas only minor decrease
occurred with further decreasing the testing temperature to -40°C. No obvious effect of
Ti/N ratio was observed in the HAZ toughness testing carried out on the as-received
two-pass SAW pipes. In addition, when comparing the toughness of BM (shown in
Figure 4-18), WM (see Appendix 2) and actual welds (shown in Figure 4-21), the actual
welds exhibited much lower toughness than BM at testing temperatures of -20°C and 40°C. This suggests that the HAZ, especially CGHAZ, significantly deteriorates the
structural integrity although it is a small area in the actual welds.
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Figure 4-21 Charpy impact energy of the as-deposited actual weld HAZ: (a) Steel A,
Ti/N 1.88; (b) Steel D, Ti/N 3.22; (c) Steel E, Ti/N 4.88.

The macrographs of the broken Charpy samples for real welds are shown in Figure 4-22.
At testing temperature of 0°C, the studied steel welds with different Ti/N ratios
exhibited ductile fracture. When decreasing the testing temperatures to -20°C and -40°C,
a mixed fracture mode of both ductile and cleavage was observed in the investigated
steel welds. This is consistent with the Charpy impact energy shown in Figure 4-21. The
SEM fractographs of the studied specimens fractured at -20°C are shown in Figure 4-23,
and the fractographs at testing temperatures of 0°C and -40°C are presented in
Appendix 3. It can be seen that Region 1 of the fracture surfaces exhibited cleavage
fracture, while the fine dimples in Region 2 is evident for the ductile fracture.
According to the notch location of the Charpy specimens shown in Figure 4-4, the notch
sectioned a mixed HAZ in the central region (Region 1) and WM in the regions close to
both edges (Region 2). WM having a fine microstructure exhibited good toughness (vE20>250J),

whereas the HAZ toughness was reduced due to the grain coarsening as a

result of the welding thermal cycle.

98

4. Steel Welds with Different Ti/N Ratios

Figure 4-22 Macrographs of fracture surface for actual welds having various Ti/N ratios:
(a)-(c) Steel A (Ti/N 1.88) at 0°C, -20°C and -40°C respectively; (d)-(f) Steel D (Ti/N
3.22) at 0°C, -20°C and -40°C respectively; (g)-(i) Steel E (Ti/N 4.88) at 0°C, -20°C
and -40°C respectively.

(a)

Notch line
1

2
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(b)

Notch line
2

(c)

1

Notch line
1

2

Figure 4-23 Fracture surface (testing temperature of -20°C) of actual welds observed by
using SEM. The close-ups of Region 1 and Region 2 represent representative regions of
HAZ and WM. (a) Steel A, Ti/N 1.88; (b) Steel D, Ti/N 3.22; (c) Steel E, Ti/N 4.88.

4.4 Discussion

The macrographs of the weldments with different Ti/N ratios reveal no visible defects.
The weld profiles are good, which confirm that the chosen welding procedures and
parameters are appropriate. The bead shapes are similar although there are minor
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variations especially in the region at about half pass depth where there is a change in
gradient of the weld profile (see the two white arrows in Figure 4-4).

The phase constituents in X70 pipeline steels produced through TMCP can be classified
as polygonal ferrite, quasi-polygonal ferrite or massive ferrite, acicular ferrite,
degenerated pearlite, upper bainite and M-A constituent [14, 141]. The microstructure
of BM mainly consisted of fine grained polygonal ferrite with fine islands of pearlite.
The fine and uniform microstructure and advanced processing technologies (such as
TMCP) give rise to a good combination of high strength and excellent toughness in base
materials. This is well supported by the tensile testing and Charpy impact testing of pipe
bodies with various Ti/N ratios.

The WM microstructure was predominantly acicular ferrite with small volume fraction
of proeutectoid ferrite. It is well known that the acicular ferrite in WM usually nucleates
on the non-metallic inclusions [58, 59, 142]. The illustration of morphology of phase
constituents in WM of a typical low alloy steel welds is presented in Figure 4-24 [143].
This type of acicular ferrite is known to provide an optimal combination of strength and
toughness [58].
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Figure 4-24 Illustration of morphology of phase constituents in typical low alloy steel
welds [143].

The microstructure in CGHAZ consisted of bainitic ferrite and M-A islands. During the
cooling process, the carbon partition occurs. The carbon-rich areas partially transform to
martensite during cooling. This mixture of transformed martensite and untransformed
austenite called M-A constituent is commonly observed in HAZ depending on the
welding conditions. The size, distribution and aspect ratio of M-A constituent can affect
the fracture toughness [144-146].

Given the similarity in the microstructural constituent, prior austenite grain size and
hardness in CGHAZ of the studied steels with different Ti/N ratios described above, it
would be quite logical to conclude that the corresponding mechanical properties may be
also similar. Supporting this inference is that the Charpy impact energy and fracture
surfaces were also found to have no correlation with Ti/N ratio in the studied range.

However, it is to be noted that due to the slight variation of the weld geometry it is
difficult to machine the notch in the way that consistently contains equal amount of WM
and HAZ for all the tested samples. Furthermore, the area of interest (i.e. CGHAZ)
represents only a small portion of the V-notch in the specimens. Due to these facts, it is
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difficult to accurately determine the effect of Ti/N ratio on CGHAZ toughness utilising
the as-received weldments without encountering interference from the adjacent areas.
This has been clearly demonstrated by extensive weld HAZ mechanical property
assessment and production test of large tonnage X70 pipeline steels.

Measurement of the weld centreline hardness showed a hardness jump in the WM of
inner pass. This can be explained by the tempering hardening effect result from the
reheating process of the subsequent pass.

4.5 Conclusions

In this chapter, a series of longitudinal two-pass SAW joints containing various Ti, N
levels and Ti/N ratios were examined in term of microstructure, hardness and Charpy
impact toughness properties. Based on these results, the following conclusions are
drawn:

1.

The BM microstructure is composed of fine polygonal ferrite with small amount
of pearlite, and the WM possesses a mixed microstructure of proeutectoid ferrite
and acicular ferrite. In the studied range of Ti/N ratio, a good combination of
high strength and excellent toughness was achieved in the BM. No obvious
differences were found in the BM microstructure of two-pass SAW
manufactured steel pipes investigated within the Ti/N ratio range of 1.88-4.88.

2.

There was no significant influence of Ti/N ratio on the weldment microstructure
or the grain size in the CGHAZ. The microstructure of as-deposited CGHAZ
with different Ti/N ratios predominately consisted of bainitic ferrite and granular
bainite with small amount of M-A constituent. This is an important finding given
the tendency of some specifiers to seek to limit Ti/N to hypo-stoichiometric
values.
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3.

Supporting the previous conclusion is the fact that the Charpy impact toughness
of the as-deposited welds maintained the same level within the studied range of
Ti/N ratio.

4.

HAZ Charpy impact testing of longitudinal two-pass SAW UOE pipes, due to
the weld profile, is difficult to critically determine the influence of Ti/N ratio,
because of the mixture of HAZ subzones and WM microstructure intersected by
the V-notch of Charpy specimen.

5.

There was a slight increase of hardness in WM, HAZ and BM of the inner pass,
which is thought to be associated with the tempering hardening effect caused by
the subsequent weld pass.
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5 Thermal Simulation of Coarse Grained HAZ in X70 Steels
with Different Ti/N Ratios

5.1 Introduction

Pipelines are the most economical and thus widely used mode of transportation for
crude oil and natural gas. The use of high grade pipeline steels has numerous
advantages: 1) reduce the usage of materials and thus the emission of carbon dioxide,
which is beneficial for the environment; 2) lower the pipe welding cost due to the
relatively lower wall thickness when using high strength pipes; 3) use high operation
pressure up to 15.3MPa and improve the transport efficiency because of the high
strength. Therefore, high strength pipeline steels are increasingly used for long distance
cross-country pipelines to transmit energy sources. Hence excellent toughness of these
pipelines is a priority [147].

The modern production of high strength line pipe steels aims to achieve a combination
of high strength and excellent toughness by using advanced thermomechanical
controlled processing (TMCP) technologies. The obtained microstructure in the base
plate predominantly contains fine ferrite grains with large number of high angle grain
boundaries (HAGBs) that act as barriers to fracture propagation [3, 148]. However,
when subjected to submerged arc welding (SAW) during pipe making and/ or field girth
welding, the original microstructure in the vicinity of fusion line experiences a very
steep thermal profile with high temperature. This does not allow precipitates to maintain
their original form. The microstructural changes include dissolution, re-precipitation
and coarsening, and ultimately significant austenite grain growth in the area adjacent to
fusion line (i.e. coarse grained heat affected zone (CGHAZ)). The final microstructure
is a function of chemical composition, size distribution of precipitates in the base metal
(BM) and welding HI. These microstructural changes significantly deteriorate the
toughness in heat affected zone (HAZ), especially in CGHAZ. Thus, the CGHAZ in line
pipe welds is of primary interest and the development of effective strategy to improve
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the HAZ toughness has been objective of many research studies [53, 97, 99, 145, 149,
150].

Ti additions are widely employed to inhibit austenite grain growth and hence improve
CGHAZ toughness through the grain boundary pinning action of TiN precipitates [54,
82, 151]. These particles have a high thermal stability and therefore play an important
role in suppressing the austenite grain growth [77, 109] particularly at high temperatures.
It has been found [81, 84] that a large number of finely dispersed particles smaller than
0.1μm [98, 152] are the most effective for grain size control. To achieve this particular
distribution of TiN particles, both Ti and N concentrations as well as Ti/N ratio have to
be present in specific levels. However, the optimal levels of Ti, N and Ti/N ratio are a
subject of much debate in the open literatures [83, 98, 115, 153]. Different published
research work carried out previously in attempt to identify optimal Ti, N levels and Ti/N
ratio were summarised in Chapter 2. From the findings, it is apparent that the optimal
proposed Ti/N ratios to improve CGHAZ toughness are not in agreement and a subject
of debate. Moreover, this topic is still not in good agreement in international standards
and during the procurement of line pipes. US pipeline specifications API 2W and API
2H limit Ti level to below 0.02 wt.% and the recommended Ti/N ratio is 2; API 5L
allows maximum 0.06 wt.% of Ti additions with no particular control of Ti/N ratio.
Further, Australian Standard AS2885 does not address this issue at all. However, pipe
suppliers tend to resist the specific limit of Ti/N ratio. This will increase the production
cost because of the relative difficulty to control the Ti/N ratio in a narrow range.

The literature describing this subject is vast and complex, and many different Ti/N
ratios have been claimed to deliver optimal HAZ toughness. Due to the various
discrepancies (for example, the alloy design, thermal history, experimental conditions
etc.), it is very difficult to directly compare the results published in different literature
sources. Therefore, the role the different Ti, N concentrations and their ratios play in
evolution of HAZ toughness of pipeline steels is not clear. Hence, the objective of this
research work was to systematically evaluate the microstructure and mechanical
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properties of simulated CGHAZs of three steels with identical chemistry varying only in
Ti, N concentrations and Ti/N ratio.

5.2 Experiments

5.2.1

Investigated materials

The materials used in this study were API 5L grade X70 microalloyed steels with
deliberately various Ti, N concentrations and Ti/N ratios. The processing conditions and
contents of other alloy elements are constant. The chemical composition of the three
studied steels is shown in Table 5-1. The materials were sectioned from diameter
1067mm×wall thickness 14.1mm longitudinal two-pass SAW UOE (U-ing, O-ing and
Expansion) pipes.

Table 5-1 Chemical composition of X70 steels with different Ti/N ratios. The base
composition is Fe-0.05C-1.60Mn-0.22Si-0.055Nb-0.023V-0.20Ni-0.15Cu-0.15Mo, in
wt.%.
Steel

Cr

Al

Ca

Ti

N

Ti/N

A

0.029

0.034

0.0018

0.0060

0.0032

1.88

B

0.017

0.042

0.0027

0.0087

0.0027

3.22

C

0.026

0.043

0.0021

0.0083

0.0017

4.88

Notes:

1. S<0.0015, P<0.01, B<0.0002.
2. CEIIW=0.37, Pcm=0.16.
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5.2.2

Gleeble simulation

The CGHAZ in the actual welds that exhibits deteriorated toughness is a tiny region.
Thus it would be extremely difficult to subject this specific region to mechanical testing
without encountering interference from neighbouring areas. Gleeble thermomechanical
simulation is an excellent tool to reproduce a large volume of material which has
experienced the same thermal cycle as real weld CGHAZ. The specimens were
machined from pipe bodies to dimension of 10mm×10mm×90mm and then were
subjected to thermal simulation. To achieve good temperature control during the HAZ
simulation, K-type thermocouples were spot welded at the region of interest (as shown
in Figure 5-1 (b)) on each sample. The thermal cycles were designed using the Rykalin2D model and the parameters were adjusted to produce microstructure almost identical
with CGHAZ of actual DSAW joints that were subjected to heat input (HI) of 2.5kJ/mm.
Figure 5-1 (a) showed the thermal cycle that the samples were subjected to during HAZ
simulation. The appropriate cooling time from 800°C to 500°C (Δt8/5) was selected to be
38.5s in this study. It should be noted that the HI here is estimated to be an average
value. A comparison of microstructure and the properties of actual weld CGHAZ with
the simulated CGHAZ revealed that consideration of average HI is sufficient. More
discussions are in the latter part of this chapter.

Figure 5-1 (a) Thermal cycle used for simulated CGHAZ; (b) Photo of samples
subjected to thermal simulation.
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5.2.3

Metallography

After Gleeble simulation, one sample from each Ti/N ratio was cut through the middle
cross-section and hot mounted using Polyfast resin. The mounted samples were then
grinded with 220# SiC paper for 2 minutes and polished to 1μm with diamond paste.
The polished samples were etched in 2.5 vol.% nital solution for microstructural
examination by using optical microscope (OM) and scanning electron microscope
(SEM). Hardness testing was performed on the etched surfaces using Vickers diamond
with 1kg load. The presented hardness values are an average of five measurements. To
measure the prior austenite grain size, the specimens were re-polished and etched in
picric acid with several drops of detergent at 68°C for about 3 minutes. Grain size was
measured by a computer programme using planimetric method. Figure 5-2 shows a
screenshot of grain area measurement process. The equivalent diameter converted from
the grain area is regarded as the grain size for individual grains.

Figure 5-2 Screenshot of the grain area measurement using ImageTool software.
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5.2.4

Charpy impact testing and fracture surface examination

The simulated samples were machined to full size (10mm×10mm×55mm) Charpy Vnotch (CVN) bars with T-L notch orientation (refer to ASTM E23). Then Charpy
impact testing was conducted for the simulated samples at different temperatures of 0°C,
-20°C, -40°C and -60°C according to ASTM E23. The fracture surfaces were observed
by using both stereo microscope and SEM.

5.2.5

Electron backscatter diffraction (EBSD) mapping

Prior to EBSD mapping, the mounted samples were polished down to 0.25μm diamond,
followed by polished on the Struers MD-Chem surface with a polishing reagent of 50
vol.% OPS and 50 vol.% distilled water for around 5 minutes. EBSD mapping was
conducted on JEOL 7001F field emission gun scanning electron microscope (FEG-SEM)
operating at 15kV excitation voltage. The step size was selected to be 0.15μm. For each
specimen, the map covered an area of 130μm×180μm at ×650 magnification. The
collected data was post-processed using HKL Channel 5 software.

5.2.6

Transmission electron microscope (TEM) replicas

The simulated samples were polished down to 1μm and lightly etched in 2.5 vol.% nital
solution. Then the fresh etched surfaces were coated with carbon film with appropriate
thickness in a vacuum condition using a carbon coater. Afterwards, the coated surfaces
were divided into several ~2mm×2mm squares and dipped in 8 vol.% nital solution for
several minutes until some bubbles appeared underneath the carbon film. The samples
were then taken out and gently washed in pure ethanol, followed by tilted an angle and
slowly dipped into distilled water. Under the action of surface tension from distilled
water, the carbon film in square shape floated off. Meanwhile, the precipitates were
extracted from the sample surfaces by the carbon film and embedded in the carbon film.
Finally, the small pieces of carbon film were fished with copper grid and dried with
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filter paper, and then ready for examination. The microstructural analysis was
performed on a JEOL JEM 2011F TEM with an operating voltage of 200kV.

5.3 Results

5.3.1

Microstructure of as-received BM

The microstructure of as-received BM for the three steels is shown in Figure 5-3. The
BM microstructure consisted of fine polygonal ferrite with small islands of pearlite. The
ferrite grain size and hardness of BM were very similar for all the investigated steels.
The measured values are presented in Table 5-2. No obvious differences were observed
for the steels with different Ti/N ratios.
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Figure 5-3 BM microstructure for the investigated steels: (a) Steel A, Ti/N 1.88; (b)
Steel B, Ti/N 3.22; (c) Steel C, Ti/N 4.88. The micrographs were taken at quarter
thickness from the outside of pipes.

Table 5-2 Ferrite grain size and hardness values of BM for the three steels.
Steel

Ferrite grain size, μm

Vickers hardness, 1kg load

A (Ti/N 1.88)

4.5±1.7

196±2

B (Ti/N 3.22)

4.4±1.8

193±0

C (Ti/N 4.88)

4.8±1.9

193±2
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5.3.2

Microstructure of simulated CGHAZ compared with real weld CGHAZ

The microstructure of the simulated and real weld CGHAZs of the investigated steels
with different Ti/N ratios are shown in Figure 5-4. It can be observed that the
microstructure of simulated CGHAZ is very close to that of as-deposited CGHAZ. The
micrographs of simulated CGHAZs displayed in Figure 5-4 reveal the prior austenite
grain boundaries. Bainitic ferrite with parallel laths was observed to be the dominant
constituent. Small amount of fine martensite-austenite (M-A) islands appeared to be
aligned in between the ferritic laths of bainite. These M-A islands are a mixture of
martensite and retained austenite formed during the cooling process. It is reported that
this constituent exists in CGHAZ of this type of steels [145]. It is worth to note that
from the micrographs presented in Figure 5-4, no significant influence of Ti/N ratio on
the type and morphology of phase constituents was found in both simulated and real
weld CGHAZs.

The SEM micrographs of simulated CGHAZs are presented in Figure 5-5. The prior
austenite grain boundaries and the lathy structure were clearly visible. The
microstructural features are similar to the optical micrographs presented in Figure 5-4,
and no correlation between Ti/N ratio and microstructure appears, supporting the
inference that no difference associated with Ti/N ratio was found on the microstructure.
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Simulated CGHAZ

Real Weld CGHAZ

M-A

Figure 5-4 A comparison of optical micrographs of simulated and real weld CGHAZs
of steels with different Ti/N ratios: (a) and (b) Steel A, Ti/N 1.88; (c) and (d) Steel B,
Ti/N 3.22; (e) and (f) Steel C, Ti/N 4.88. The micrographs of real welds are taken at the
position adjacent to the inflection of fusion line in the outer pass.
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Figure 5-5 SEM microstructure of simulated CGHAZs of steels with different Ti/N
ratios: (a) Steel A, Ti/N 1.88; (b) Steel B, Ti/N 3.22; (c) Steel C, Ti/N 4.88.

5.3.3

Hardness of simulated CGHAZ compared with real weld CGHAZ

The hardness testing data of simulated and as-deposited CGHAZs for different Ti/N
ratios are shown in Figure 5-6. It can be seen that the hardness of simulated CGHAZ is
almost identical with the as-deposited CGHAZ, affirming excellent accuracy of
CGHAZ simulation. Additionally, no significant fluctuation of the hardness values was
observed and the average hardness of all three steels was approximately 210HV1. These
results indicate that Ti/N ratio in the studied range does not influence the hardness of
CGHAZ.
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Figure 5-6 Vickers Hardness of simulated and as-deposited CGHAZs. Five
measurements were recorded for each sample. The hardness of as-deposited CGHAZ
was tested in the region that is close to the inflection of the outer pass within 0.2mm
offset the weld fusion line.

5.3.4

Prior austenite grain size measurement

To further investigate the effect of Ti/N ratio on the microstructure of simulated
CGHAZ, prior austenite grain size of simulated CGHAZs was measured. The obtained
results are presented in Figure 5-7. Compared to Steel A and Steel C, Steel B exhibited
a more concentrated grain size distribution. The mean grain size as well as standard
deviation is tabulated in Table 5-3. Steel B with Ti/N ratio of 3.22, slightly below the
stoichiometric ratio (3.42), exhibited the smallest austenite grain size followed by Steel
C and Steel A. While assessing the mean grain size of the three steels, which is
approximating to 75μm, one could infer that Ti/N ratio has no effect whatsoever.
However, given the relatively large standard deviation it may not be correct to compare
just the mean grain size. Hence the fractions of fine and coarse grains were evaluated.
The percentage of fine grains (i.e. smaller than 80μm) and the coarsest grain in
simulated CGHAZ as well as the largest prior austenite grain size are shown in Figure
5-7 (a) and Figure 5-7 (b), respectively. It is interesting to note that Steel B had the
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highest fraction of fine grains (0.71), while Steel A and Steel C had 0.55 and 0.59
fractions respectively. Also, the coarsest grain diameter in Steel B was 150μm which is
smaller than that observed in Steel A (210μm) and Steel C (190μm). Steel B hence has
the largest percentage of fine grains and smallest coarse-grain diameter among the three
steels.

Figure 5-7 Distribution of prior austenite grain size in simulated CGHAZs of steels
with different Ti/N ratios: (a) Steel A, Ti/N 1.88; (b) Steel B, Ti/N 3.22; (c) Steel C,
Ti/N 4.88.
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Figure 5-8 Results of statistical analysis of prior austenite grains size in steels with
different Ti/N ratios: (a) percentage of fine grains (smaller than 80μm); (b) largest grain
size.
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Table 5-3 Average austenite grain size in simulated CGHAZs of steels with different
Ti/N ratios.

5.3.5

Steel No.

Ti/N ratio

Mean grain size, μm

Standard deviation

A

1.88

83.4

36.2

B

3.22

68.5

26.9

C

4.88

77.6

31.5

Toughness evaluation of simulated CGHAZ

Figure 5-9 displays the variation of Charpy impact energy for the simulated CGHAZ
measured at temperatures of 0°C, -20°C and -40°C. It can be seen from this figure that
at testing temperatures of -20°C and -40°C, Steel B with Ti/N ratio close to
stoichiometric ratio exhibited improved toughness compared to steels with hypo- and
hyper- stoichiometric ratios. As expected, the Charpy impact energy at -40°C was lower
than that at -20°C for all specimens. However, the impact energy values at -20°C were
much more scattered than that at -40°C. This is because that -20°C is close to the ductile
brittle transition temperature (TB) of the investigated materials. In addition, at 0°C the
toughness of all tested samples was in the range of upper shelf energy (USE) and
showed very good toughness (vE0=247-290J).

The macrographs of impacted broken samples are displayed in Figure 5-10. The SEM
micrographs of the fracture surfaces for the Charpy impact specimens at testing
temperatures of 0°C, -20°C and -40°C are presented in Figure 5-11, Figure 5-12 and
Figure 5-13 respectively. It can be seen that the predominant fracture mode in all the
samples at testing temperatures -20°C and -40°C was cleavage. From the viewpoint of
the river patterns, the radial river lines can be identified. Whereas the fine dimples in the
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samples tested at 0°C indicates the dominantly ductile fracture and thus an excellent
toughness at this testing temperature.

Figure 5-9 Mean Charpy impact energy of the simulated CGHAZ of samples having
different Ti/N ratios. Each point is an average of three measurements and the error bars
represent the standard deviation.
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Figure 5-10 Fractography of the broken Charpy specimens. (a)-(c) Steel A (Ti/N 1.88)
at 0°C, -20°C and -40°C respectively; (d)-(f) Steel D (Ti/N 3.22) at 0°C, -20°C and 40°C respectively; (g)-(i) Steel E (Ti/N 4.88) at 0°C, -20°C and -40°C respectively.
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Figure 5-11 SEM fractographs of steels containing various Ti/N ratios fractured at 0°C:
(a) and (b) Steel A, Ti/N 1.88; (c) and (d) Steel B, Ti/N 3.22; (e) and (f) Steel C, Ti/N
4.88.
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Figure 5-12 SEM fractographs of steels containing various Ti/N ratios fractured at 20°C: (a) and (b) Steel A, Ti/N 1.88; (c) and (d) Steel B, Ti/N 3.22; (e) and (f) Steel C,
Ti/N 4.88.
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Figure 5-13 SEM fractographs of steels containing various Ti/N ratios fractured at 40°C: (a) and (b) Steel A, Ti/N 1.88; (c) and (d) Steel B, Ti/N 3.22; (e) and (f) Steel C,
Ti/N 4.88.
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5.3.6

EBSD analysis of simulated CGHAZ

Another important factor affecting CGHAZ toughness is the effective grain size and
misorientation of the transformed microstructural features after welding. It is well
accepted that HAGBs (i.e. >15°) effectively inhibit cleavage crack propagation [3, 148].
EBSD is a useful technique to obtain this information. The EBSD grain boundary maps
are presented in Figure 5-14. It can be found from these maps that the size of
substructure in the simulated CGHAZs of steels with different Ti/N ratios was at the
same level. Furthermore, microstructural parameters derived from EBSD maps are
presented in Table 5-4. The effective grain size of all three steels was very similar and
approximately 9μm. The misorientation angle distribution of the three steels presented
in Figure 5-15 also indicates that the fraction of HAGBs was almost identical. This
advises that in the studied range Ti/N ratio does not have significant effect on the
substructure of CGHAZ.
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Figure 5-14 EBSD grain boundary maps superimposed on the band contrast maps of
simulated CGHAZs for steel with different Ti/N ratios: (a) Steel A, Ti/N 1.88; (b) Steel
B, Ti/N 3.22; (c) Steel C, Ti/N 4.88. The black line represents the boundaries of 2-15°;
the red line represents the boundaries of >15°.

Table 5-4 Effective grain size derived from EBSD data.
Ti/N ratio

Effective grain size, μm

Fraction of HAGBs, %

1.88

8.9

22.3

3.22

8.7

23.4

4.88

8.8

20.8

Figure 5-15 Misorientation angle distribution of simulated CGHAZs for steels with
various Ti/N ratios.
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5.3.7

Precipitates analysis

The precipitates in the simulated CGHAZs were observed by using TEM and the
statistics of the average precipitates size are presented in Table 5-5. The average
particles size in the simulated CGHAZs of the studied steels was in the range of 4249nm.

Table 5-5 The average precipitates size in simulated CGHAZs for steels with different
Ti/N ratios.
Ti/N ratio

Average precipitates size, nm

1.88

42

3.22

49

4.88

43

The TEM images and energy dispersive X-ray spectroscopy (EDS) for selected typical
precipitates in the studied steels are shown in Figure 5-16. It can be found that the shape
of most precipitates is cuboidal. According to the EDS analysis, the composition of the
precipitates found in the steels is Ti-rich with small amount of Nb and V. From the EDS
mapping analysis shown in Figure 5-17, it is evident that the alloy elements were
uniformly distributed within the precipitates.
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Figure 5-16 Typical precipitates in simulated CGHAZs of the studied steels: (a)
scanning transmission electron microscope (STEM) bright field image of steel D (Ti/N
3.22); (b) EDS of steel D (Ti/N 3.22); (c) STEM bright field image of steel E (Ti/N
4.88); (d) EDS of steel E (Ti/N 4.88).
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Figure 5-17 Particle in Steel A (Ti/N 1.88): (a) bright field image; (b) EDS point
analysis; (c) EDS mapping of one selected particle in Steel A (Ti/N 1.88) showing the
uniform distribution of alloy elements in precipitates.

5.4 Discussion

The CGHAZ microstructure of all simulated X70 steels over the studied range of Ti, N
levels and Ti/N ratios was very similar and contained bainitic ferrite with small amount
of M-A constituent. In addition, the transformation start temperature of the investigated
steels was calculated from thermodynamics based on the chemical composition and
processing parameters [154, 155]. The experimental cooling curve used for CGHAZ
simulation was superimposed on the calculated diagram (shown in Figure 5-18). From
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this diagram it can be seen that bainite is the predominant phase produced from the
CGHAZ welding simulation. This is in good agreement with the findings of the
microstructural observation. The microstructural investigation also revealed the
presence of M-A constituent. This constituent is formed during cooling when carbon
diffuses from the bainitic ferrite into austenite stabilising the latter. Upon further
cooling to below the martensite start temperature (Ms), austenite partially transforms to
martensite. The M-A constituent presents a potential crack initiation site and thus has a
significantly adverse effect on HAZ toughness [145].

Figure 5-18 Experimental cooling curve used for CGHAZ simulation superimposed on
calculated transformation diagram (part of the curve above bainite start temperature
marked as transformation start represents ferrite start temperature).

Hardness is a good indicator of the type of microstructure and its susceptibility to brittle
fracture. From results of the present study the following can be concluded:
1) Good agreement was achieved between the real and simulated samples;
2) The average hardness of all three simulated CGHAZs is very similar;
3) The standard deviation of the simulated CGHAZ hardness measurements is
small (ranging from 3 to 6) in case of all studied steels.
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However, Steel B with Ti/N ratio of 3.22, close to stoichiometric (3.42), exhibited
slightly smaller standard deviation reflecting the more uniform grain size distribution
compared to the remaining two.

The austenite grain size distribution for the three steels was uniquely different. Steel B
exhibited a higher fraction of prior austenite grains smaller than 80μm in size. This steel
showed slightly smaller in mean grain size and also smaller in the coarsest grain size
compared to Steel A and Steel C (refer to Figure 5-7 and Figure 5-8). It is well known
that the coarsest grain in the steel is more detrimental to toughness. It is quite logical to
assume that this increased control of austenite grain size at the peak temperature in the
CGHAZ is related to the optimal Ti/N ratio of steel B.

It is well established that the Ti/N ratio is an important factor in determining toughness
of high strength low alloy (HSLA) steels mainly due to its influence on the austenite
grain size [156]. It is also well accepted that the presence of a few extremely large
grains could deteriorate HAZ toughness at low temperature, as observed in Figure 5-8
and Figure 5-9. This is because the austenite grain boundaries play an important role in
the cleavage fracture propagation [157]. The increased number of grain boundaries in a
fine grained steel act to obstruct crack propagation, thus increase the energy required for
fracture to propagate. In addition, the low tendency of M-A island formation in fine
grained microstructure can reduce the potential fracture initiation sites, thus providing a
more optimal toughness. These factors contributed to the better toughness performance
of Steel B during Charpy impact testing.

5.5 Conclusions

To overcome the inaccuracy of using real welds HAZ specimens, in this chapter the
thermal simulated CGHAZ samples were produced and employed to determine the
effect of Ti/N ratio on microstructure and mechanical properties. The conclusions are as
follows:
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1.

Weld thermal simulation can accurately duplicate the different HAZ
microstructure and so provide sufficient materials to quantitatively assess the
microstructure and mechanical properties of these HAZ regions (as showed in
transformed microstructure and hardness).

2.

The microstructure of simulated CGHAZ with different Ti/N ratios was very
similar and consisted predominantly of bainitic ferrite with small amount of MA constituents. No differences associated with different Ti/N ratios were
observed.

3.

The hardness of simulated CGHAZ of all three steels was very similar
(approximately 210HV1), indicating that Ti/N ratio in the studied range does
not have significant effect on the CGHAZ hardness.

4.

The mean prior austenite grain size of studied samples was controlled in a close
range of 68-83μm.

5.

Steel B with Ti/N ratio of 3.22 (close to stoichiometric ratio) showed better
toughness properties than the remaining two. This is thought to be due to high
fraction of fine austenite grains.

6.

The EBSD analysis has revealed that there is no remarkable difference of
substructure including the effective grain size and percentage of HAGBs for
the three studied steels.

Based on these results, the marginal increase in Charpy impact toughness of the
simulated CGHAZ in Steel B appears to be consistent with a finer austenite grain size.
The current work has identified a subtle different in austenite grain coarsening in
fundamentally identical steels with different Ti/N ratios. The implications of this work
are significant in terms of optimal alloy design of steels for critical applications such as
high pressure pipelines.
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6 Thermal Simulation of Intercritically Reheated CGHAZ in
X70 Steels

6.1 Introduction

Safety and reliability in operation require the use of high quality pipelines, which when
fabricate into pipe, minimise the detrimental effects of the extreme thermal excursions
experienced in the weld heat affected zone (HAZ). The severe temperatures associated
with weld fabrication require sophisticated steel alloy design to control austenite grain
growth and transformation characteristics to avoid unfavourable microstructure which
can deteriorate mechanic properties, especially toughness. Hence, a considerable
research effort in the area of high strength pipeline steels has focused on improving the
toughness in HAZ regions [63, 158-160].

The work presented in Chapter 5 focused on the microstructure and properties of coarse
grained heat affected zone (CGHAZ) in microalloyed X70 steels. It aims to identify
optimal levels of Ti, N and Ti/N ratio. The results have shown that a near-stoichiometric
Ti/N ratio exhibited slightly higher Charpy impact energy values than hypo- and hyperstoichiometric ratios primarily due to retention of a finer austenite grain size.

However, to meet the increasing demand of energy, large diameter high strength pipes
manufactured through two-pass submerged arc welding (SAW) are extensively applied
for the purpose of improving energy transportation efficiency. Multi-pass welding is
widely used in the pipe making, field girth welding and also in the in-service welding
applications. During the two-pass SAW process, the HAZ produced by the first SAW
pass is partially reheated by the subsequent outer SAW pass. It has been recognised that
the supercritical (reheated to a temperature above Ac3) and subcritical (reheated to a
temperature below Ac1) regions maintain toughness properties comparable to the
original CGHAZ. The intercritically reheated coarse grained heat affected zone (IC135
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CGHAZ), is a region where the CGHAZ resulting from the first pass was reheated to
the intercritical temperature range (i.e. between Ac1 and Ac3) by the subsequent welding
pass. The location of IC-CGHAZ in a two-pass SAW joint is schematically illustrated in
Figure 6-1 [137]. It has been reported that this region exhibits the most deteriorated
toughness of all the HAZ subzones [137, 161]. The use of the crack tip opening
displacement (CTOD) test, which is sensitive to fracture initiation, can reveal local
brittle zones (LBZs) and so commonly reveals the IC-CGHAZ as a region of low
fracture toughness as evidenced by the occurrence of so called “pop-in” phenomenon.
This is owing to the formation of martensite-austenite (M-A) islands in the partially
transformed carbon enriched regions of the CGHAZ [162, 163]. This is also supported
by Silwal et al‟s findings [58]: the toughness was decreased in CGHAZ after
experienced postweld heat treatment (PWHT) above Ac1 temperature because of the
formation of fresh martensite.

Figure 6-1 Schematic illustration of IC-CGHAZ in two-pass SAW seam welds [137].

The objective of this chapter was to evaluate the microstructure and properties of ICCGHAZ. Many studies showed that the IC-CGHAZ formed in multi-pass welding does
exhibit deteriorated toughness, even lower than in CGHAZ [137, 161, 164]. It has been
demonstrated that even subtle differences in steel composition can markedly improve
toughness in IC-CGHAZ [165, 166]. Therefore, to maintain adequate mechanical
properties in the weld zone, whether an optimum Ti/N ratio exists with respect to, and
whether the addition of Ti exerts a positive effect on the microstructure and mechanical
properties in the IC-CGHAZ need to be well understood. In this chapter, the X70 steels
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with almost identical composition varying only in levels of Ti, N and Ti/N ratio were
used to investigate the correlation between the alloy composition and the microstructure
and mechanical properties of IC-CGHAZ.

Furthermore, to be able to identify the HAZ area with the poorest toughness, it is
important to understand the microstructure evolution as a function of peak temperature
of the thermal cycles and also resultant properties in this region. Several studies have
been conducted in an effort to understand the influence of reheating temperature on the
pre-existing HAZ [146, 158, 161, 167]. However, there is little detail included in the
research publications that would clarify the impact of reheating temperature within the
intercritical temperature region. In this study, the relationship between microstructural
transformation characteristics and mechanical properties of the IC-CGHAZ of two-pass
submerged arc welded (SAW) API 5L grade X70 pipe steel has been investigated. The
experimental techniques including Gleeble simulation were used to accurately quantify
the specific mechanical properties of discrete subzones within the IC-CGHAZ.

6.2 Experiments

6.2.1

Investigated materials

The investigation employed three API 5L grade X70 UOE (U-ing, O-ing and Expansion)
line pipes with dimension of diameter 1067mm and wall thickness 14.1mm. The base
metal (BM) chemical composition of the three studied pipeline steels is shown in Table
6-1. It should be noted that these steels deliberately contain different Ti, N additions and
Ti/N ratios however levels of other elements as well as welding parameters are almost
identical. The longitudinal two-pass SAW parameters are referred to Table 4-3.
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Table 6-1 Chemical composition of X70 steels having various Ti, N concentrations and
Ti/N ratios, in wt.%.
Steel No.

C

Mn

Si

Ni

Cu

Mo

Steel 1

0.05

1.60

0.22

0.20

0.15

0.15

0.055 0.023

Steel 2

0.05

1.60

0.22

0.20

0.15

0.15

0.055 0.023

Steel 3

0.05

1.60

0.22

0.20

0.15

0.15

0.055 0.023

Cr

Al

Ca

Ti

N

Ti/N

Steel 1

0.028

0.035

0.0015

0.0088

0.0036

2.44

Steel 2

0.017

0.042

0.0027

0.0087

0.0027

3.22

Steel 3

0.026

0.043

0.0021

0.0083

0.0017

4.88

Notes:

Nb

V

1. S<0.0015, P<0.01, B<0.0002.
2. CEIIW=0.37, Pcm=0.16.

6.2.2

Gleeble simulation of IC-CGHAZ

As the IC-CGHAZ of real welds represents a very small portion of the welding joints, it
would be difficult to carry out the microstructural examination and virtually impossible
to prepare the samples for further mechanical testing without encountering interference
from the adjacent subzones. To overcome this limitation, Gleeble thermal simulation
technique was utilised to reproduce both the CGHAZ and the subsequent IC-CGHAZ as
shown in Figure 6-2. During the first thermal cycle, to produce the CGHAZ, the
specimens were heated to a peak temperature of 1350°C at a rate of 200°C/s, following
by cooling to 150°C. The cooling time ∆t8/5 of 38.5s was based on the actual mill
welding parameters (refer to Table 4-3) to accurately duplicate the real CGHAZ of the
weld. The holding time at peak temperature for all cycles was 0.5s. The second thermal
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cycle utilised the same heating and cooling conditions but to ensure accurate simulation
of the subsequent intercritical thermal cycle, the Ac1 and Ac3 temperatures were
determined by dilatometry techniques using various heating rates of 25°C/s, 50°C/s,
100°C/s and 150°C/s (see Appendix 4). The results identified the intercritical
temperature range to be approximately 800-890°C. As shown in Figure 6-2 (b), the
intercritical reheating temperatures were selected to be 813°C, 838°C and 868°C
respectively to investigate their influence on the microstructure and mechanical
properties of the IC-CGHAZs.

A peak temperature at the lower end of Ac1-Ac3 range, i.e. 813°C, produced the
microstructure that most closely resembled that of the actual IC-CGHAZ in the studied
two-pass SAW welds. Hence it was selected to investigate the correlation of
microstructure, properties and Ti/N ratio. The results presented below also show that
this temperature produces the highest fraction of M-A constituent (formed on the prior
austenite grain boundaries) and the poorest toughness within entire intercritical
temperature range. The optical micrographs (refer to Figure 6-3) and the hardness
values (refer to Figure 6-6) affirmed that the selected reheating temperature of 813°C
produced an accurate simulation of the real IC-CGHAZ.

Figure 6-2 Thermal cycles used to simulate IC-CGHAZ: (a) diagram showing both
thermal profiles; (b) detail showing three different peak temperatures of the reheating
thermal cycle.
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6.2.3

Microstructural examination and mechanical testing

The as-welded and thermally simulated samples were sectioned and polished according
to the standard metallography procedures. Then samples were etched in 2.5 vol.% nital
solution for metallographic examination using both optical microscope (OM) and
scanning electron microscope (SEM). To identify and quantify the M-A constituents in
IC-CGHAZ, the simulated samples were re-polished and etched with LePera reagent
and then subjected to microstructural examination. Afterwards, the area fraction of M-A
constituent was calculated from the obtained micrographs by using ImageJ software.
Subsequently, hardness testing was carried out on both actual and thermally simulated
samples using Vickers diamond tip and 1kg load. The hardness values represent the
average value of three measurements. Charpy impact testing employed full size
(10mm×10mm×55mm) and V-notch specimen geometry was performed at -20°C
according to ASTM E23. The notch was machined in T-L orientation (as per ASTM
E23).

6.3 Results

The results presented below were divided into two sections: firstly, the microstructure
and properties in both real and simulated IC-CGHAZs of X70 steels with various Ti/N
ratios; secondly, the microstructure properties correlation in simulated IC-CGHAZs of
X70 steel with different thermal cycles.
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6.3.1

Microstructure and properties of IC-CGHAZ in X70 steels with different
Ti/N ratios

6.3.1.1 Microstructural examination by using OM and SEM

The optical micrographs of the real and simulated IC-CGHAZs of the three API 5L X70
steels are shown in Figure 6-3. The prior austenite grain boundaries were clearly
delineated by the presence of a discontinuous dark phase revealed by nital etching,
which has been identified by numerous researchers [167, 168] as M-A constituent. The
prior austenite grain boundaries were clearly evident while the general microstructure
consisted of a mixture of bainitic ferrite and granular bainite.

From Figure 6-3 it is evident that both real and simulated IC-CGHAZs contained
similar grain boundary dispersions of the M-A constituent. It provides the evidence that
simulated thermal cycle of 813°C closely duplicated that of the real two-pass SAW
experienced in the production of the UOE pipes. There was no indication to suggest that
the Ti/N ratio or the austenite grain size had any influence on the size or distribution of
the M-A phase.
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Real IC-CGHAZ

Simulated IC-CGHAZ

Figure 6-3 Optical micrographs of real and simulated IC-CGHAZs. (a) and (b) Steel 1,
Ti/N 2.44; (c) and (d) Steel 2, Ti/N 3.22; (e) and (f) Steel 3, Ti/N 4.88.

The microstructure of the simulated IC-CGHAZs was also examined by using SEM
(Figure 6-4). It was confirmed that for all three steels the blocky M-A constituents were
mainly formed at the prior austenite grain boundaries. It was also revealed that M-A
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constituent with stringer morphology was dispersed intragranularly within the prior
austenite grains.

Figure 6-4 SEM micrographs of simulated IC-CGHAZs: (a) Steel 1, Ti/N 2.44; (b)
Steel 2, Ti/N 3.22; (c) Steel 3, Ti/N 4.88.

6.3.1.2 Quantification of M-A constituents

Figure 6-5 shows the micrographs of the LePera etched simulated IC-CGHAZs, which
reveal the M-A constituent as a prominent „white‟ phase. This technique confirmed both
the coarse blocky M-A along the prior austenite grain boundaries and the fine stringer
M-A within the prior austenite grains. Furthermore, the fraction of M-A constituent was
quantified and the results are presented in Table 6-2. The average fraction of M-A
constituent was relatively consistent for all investigated steels, ranging from 6 vol.% to
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7 vol.%. It has been demonstrated by Akselsen et al. [169] that the fraction greater than
6 vol.% results in serious degradation of toughness.

Figure 6-5 The microstructure after etching in LePera reagent showing the M-A
constituent in the simulated IC-CGHAZs (Tp2=813°C) in X70 steels with different Ti/N
ratios: (a) Steel 1, Ti/N 2.44; (b) Steel 2, Ti/N 3.22; (c) Steel 3, Ti/N 4.88.

Table 6-2 Fraction (Vf) of M-A constituent in the simulated IC-CGHAZs as a function
of Ti/N ratio.
Ti/N ratio

2.44 (Steel 1)

3.22 (Steel 2)

4.88 (Steel 3)

Vf of M-A, vol.%

7.1±0.7

6.6±0.4

6.2±0.4
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6.3.1.3 Hardness testing of IC-CGHAZ

Figure 6-6 shows the Vickers hardness numbers of real and simulated IC-CGHAZs
compared to simulated CGHAZs. It can be seen that only marginal difference in
hardness was measured for real and simulated IC-CGHAZ specimens. The average
hardness values of both real and simulated specimens were similar (around 240HV1),
providing further validation of the simulation conditions employed. No significant
variations in hardness were observed in the studied range of Ti/N ratio. It should be also
noted that the hardness values of both real and simulated IC-CGHAZs exhibited
approximately 30 Vickers points increase compared to simulated CGHAZs. This is
thought to be associated with the presence of M-A constituent formed along the prior
austenite grain boundaries.

Figure 6-6 Hardness of real and simulated IC-CGHAZs compared to simulated
CGHAZs (refer to Chapter 5) for X70 steels having different Ti/N ratios.
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6.3.1.4 Charpy impact testing of IC-CGHAZ

Charpy impact testing was conducted at testing temperature of -20°C to investigate the
toughness properties of the simulated IC-CGHAZs (shown in Figure 6-7). The
simulated IC-CGHAZs of all studied steels exhibited extremely low Charpy impact
energy, much lower than that of simulated CGHAZs at -20°C. This is believed to be
associated with the formation of the blocky grain boundary M-A phase which promotes
brittle fracture initiation/ propagation [68]. It should be noted that the significant
variation in toughness of simulated CGHAZs presented in Figure 6-7 is related to the
fact that the chosen testing temperature of -20°C is very close to the transition
temperature while the IC-CGHAZ is clearly on the lower shelf.

Figure 6-7 Charpy impact energy of simulated IC-CGHAZs and CGHAZs (refer to
Chapter 5) for steels with different Ti/N ratios (Full size specimens, testing temperature
of -20°C).

Figure 6-8 and Figure 6-9 show the fractographs of the broken Charpy specimens tested
at -20°C. Fracture surfaces of all the three samples with different Ti/N ratios revealed an
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obvious radial cleavage fracture. This is consistent with the low impact energy values of
the simulated IC-CGHAZs.

Figure 6-8 The macrographs of broken Charpy specimens of simulated IC-CGHAZs
(Tp2=813°C) for steels with different Ti/N ratios: (a) Steel 1, Ti/N 2.44; (b) Steel 2, Ti/N
3.22; (c) Steel 3, Ti/N 4.88.
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Figure 6-9 SEM fractographs of simulated IC-CGHAZs (Tp2=813°C) of steels with
different Ti/N ratios: (a) and (b) Steel 1, Ti/N 2.44; (c) and (d) Steel 2, Ti/N 3.22; (e)
and (f) Steel 3, Ti/N 4.88.
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6.3.2

Microstructure-property correlation of simulated IC-CGHAZ in X70 steel
with different reheating temperatures

In this section, Steel 2 in Table 6-1 with Ti/N ratio close to stoichiometric ratio was
selected to investigate the influence of reheating temperature within the intercritical
temperature range on the microstructure and toughness properties in simulated ICCGHAZ.

6.3.2.1 Optical microstructure

Optical micrographs of the simulated IC-CGHAZs using three different reheating
temperatures as well as the original CGHAZ microstructure are presented in Figure 6-10.
The microstructure of original CGHAZ consisted of bainitic ferrite and a mixture of
carbide and secondary phase, i.e. M-A particles, in a coarse prior austenite grain. At
reheating temperature of 813°C, the microstructure consisted of predominantly fine
bainitic ferrite laths with a discontinuous secondary phase which appeared to be aligned
with the ferrite, similar to that of the original CGHAZ (Figure 6-10 (a)). The prior
austenite grain boundaries were clearly delineated and contained a darker etching
blocky phase. Increasing the reheating temperature to 838°C did not produce any
prominent dark etching phases and as a result the austenite grain boundaries were less
distinct. A portion of the microstructure had transformed to a relatively equiaxed fine
ferrite structure, along with the secondary phase which was less elongated. This
modified ferrite structure primarily resided along the prior austenite grain boundaries
while the microstructural features inside the grains were similar to the 813°C treatment.
A reheating temperature of 868°C resulted in the formation of a generally equiaxed fine
grain ferrite structure and a finely dispersed darker etching secondary phase. The
prominence of an aligned secondary phase was not evident.

149

6. Thermal Simulation of Intercritically Reheated CGHAZ in X70 Steels

Figure 6-10 Optical micrographs of simulated IC-CGHAZs employing different
reheating temperatures compared to original CGHAZ: (a) 813°C; (b) 838°C; (c) 868°C;
(d) original CGHAZ.

6.3.2.2 Highlight and quantification of M-A constituent

Further examination of the simulated IC-CGHAZ microstructure included the SEM
investigation and also colour etching using LePera solution. The SEM micrographs and
the corresponding optical images (LePera colour etching) are shown in Figure 6-11.
Table 6-3 details the fraction of secondary phase within each of the reheated samples.
These micrographs highlight the morphology and distribution of M-A constituent. It can
be seen that the blocky grain boundary phase was in fact M-A constituent, along the
prior austenite grain boundaries in the 813°C intercritically reheated sample. At
reheating temperature of 838°C, the presence of any distinct grain boundary secondary
phases was removed and replaced by a more uniform slightly coarser dispersion of M-A
constituent. The M-A constituent was located at the bainite and ferrite boundaries, and
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so was basically a more intragranularly dispersed secondary phase. A further increase in
reheating temperature to 868°C resulted in a significant reduction in the total fraction of
M-A constituent which was very finely and uniformly dispersed throughout the
microstructure.

The fraction of M-A constituent in the simulated IC-CGHAZs was quantitatively
analysed following LePera colour etching. For comparison, the original CGHAZ was
also selectively etched using LePera etchant and subjected to the same microstructural
analysis as the present intercritically reheated samples. The results presented in Table
6-3 show that intercritical reheating temperature just above Ac1 (i.e. 813°C) resulted in a
distinct grain boundary network of M-A. The fraction was evaluated to be 3.9 vol.%.
With the increase of the intercritical reheating temperature to 838°C, the blocky grain
boundary M-A phase was removed and the average size of M-A increased. A further
increase in reheating temperature to 868°C resulted in the formation of an extremely
low fraction of M-A (1.5 vol.%) with an average size smaller than 0.1μm. Only few
isolated M-A particles larger than 1μm were observed.
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Figure 6-11 SEM micrographs and optical images of microstructure revealed using
LePera etchant of simulated IC-CGHAZs produced using different reheating
temperatures: (a) and (b) 813°C; (c) and (d) 838°C; (e) and (f) 868°C, (g) and (h)
original CGHAZ.
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Table 6-3 Fraction (Vf) of M-A constituent present in the simulated IC-CGHAZs with
different reheating temperatures for Steel 2 in Table 6-1.
Reheating temperature, °C

813

838

868

Fraction of M-A, vol.%

6.6

5.3

1.5

Fraction of grain boundary M-A, vol.%

3.9

0

0

6.3.2.3 Hardness testing

The Vickers hardness values of the simulated IC-CGHAZs as well as the original
CGHAZ are presented in Figure 6-12. Initially with a low intercritical reheating
temperature (813°C), the hardness increased by approximately 20 Vicker points,
compared to the original CGHAZ. As the intercritical reheating temperature increased,
the hardness gradually decreased. At higher intercritical reheating temperature of 868°C,
the hardness had returned to that of the CGHAZ, approximately 210HV1.
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Figure 6-12 Vickers hardness of simulated IC-CGHAZs produced using different
reheating temperatures compared to original CGHAZ (Reheating temperature “0”
represents the original CGHAZ).

6.3.2.4 Charpy impact testing

The variation of absorbed energy measured during Charpy impact testing is presented in
Figure 6-13. Although the original CGHAZ fracture toughness varied significantly
(selected testing temperature of -20°C was in the transition temperature range), the
fracture toughness of the intercritically reheated specimens was not only significantly
deteriorated but also consistently low, suggesting a clear lower shelf energy (LSE) value
at this testing temperature. As the intercritical reheating temperature increased, there
was a slight improvement in recorded toughness but even at the highest intercritical
reheating temperature of 868°C, the toughness had not completely returned to that of
the original CGHAZ.

The fracture surfaces of the Charpy specimens, observed using stereo microscope and
SEM, are presented in Figure 6-14 and Figure 6-15 respectively. The fracture mode of
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all three simulated IC-CGHAZs was primarily cleavage. However it was apparent from
Figure 6-15 that the cleavage facet size in the 868°C intercritically reheated specimen
was significantly smaller than that of the 813°C and 838°C reheated specimens.
Although this is consistent with the absorbed energy presented in Figure 6-13, the
toughness of the intercritically reheated specimens does not return to that of the original
CGHAZ.

Figure 6-13 Charpy impact energy of simulated IC-CGHAZs at different reheating
temperatures compared to the original CGHAZ (Reheating temperature “0” represents
the original CGHAZ).
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Figure 6-14 Macro fractographs of simulated IC-CGHAZs with different reheating
temperatures compared to original CGHAZ: (a) 813°C; (b) 838°C; (c) 868°C; (d)
original CGHAZ. The red rectangles indicate the observation areas for SEM.
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Figure 6-15 SEM fractographs (taken from the areas indicated by the red rectangles in
Figure 6-14) of simulated IC-CGHAZs produced using different reheating temperatures
compared to original CGHAZ: (a) 813°C; (b) 838°C; (c) 868°C; (d) original CGHAZ.
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6.4 Discussion

6.4.1

Effect of Ti/N ratio on IC-CGHAZ

The microstructure of both real and simulated IC-CGHAZ specimens contained two
types of M-A island morphology:
1) blocky M-A islands formed along the prior austenite grain boundaries and,
2) fine stringer or film like M-A islands formed intragranularly within the ferrite
plates.

To simulate the IC-CGHAZ of the two-pass SAW joints, the present study utilised the
peak temperature of 813°C (between Ac1 and Ac3) for the second thermal cycle. This
temperature is at the lower end of the intercritical range and so resulted in a low level
re-austenitisation of CGHAZ produced by the first thermal cycle. Exceeding the Ac1
temperature results in the formation of austenite at the prior austenite grain boundaries
which provide an easy path for diffusion of carbon to accumulate in the newly formed
austenite. The increased hardenability of this carbon enriched grain boundary austenite
promotes the formation of a small volume fraction of martensite on cooling, while some
austenite is retained because Mf is below room temperature. The blocky grain boundary
phase is therefore a mixture of martensite and austenite, i.e. M-A constituent. Increased
temperatures within the intercritical range result in the formation of more austenite with
an overall lower hardenability and so M-A is unable to form at the prior austenite grain
boundaries, i.e. lower carbon enrichment [170].

The hardness of IC-CGHAZs of the three steels was around 240HV1, approximately 20
Vickers points harder than the original CGHAZ (refer to Chapter 5). This hardness
increase is attributed to the formation of the blocky M-A islands at the prior austenite
grain boundaries. There was no influence of Ti/N ratio on the hardness of the ICCGHAZ in either real or simulated samples. The prime determinant of hardness was the
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volume fraction of blocky grain boundary M-A and its compositional effect on
transformation.

It has been demonstrated in Chapter 5 that control of the Ti/N ratio around the
stoichiometric ratio can provide a tighter control of austenite grain size in the asdeposited CGHAZ, which translates to improve average fracture toughness as measured
by the Charpy impact testing. In evaluation of these steels where the CGHAZ has been
reheated into the intercritical temperature region, where only partial austenitisation
occurs, it was not expected that any change would occur in the original austenite grain
size [161]. Therefore, as demonstrated in Figure 6-7, it is apparent that the presence of
the blocky grain boundary M-A constituent is the dominant factor in determination of
the IC-CGHAZ toughness [123, 166]. In other words, any improvement in toughness of
the original CGHAZ can be overridden by the formation of grain boundary M-A. This is
attributed to the blocky M-A phase providing fracture initiation sites as evidenced by
the remnants of these particles on the fracture surfaces [68]. The local stress and strain
concentration surrounding the blocky M-A particles assists the cleavage fracture
initiation [68, 146] and also provides an easy path for crack propagation.

This section demonstrated that the beneficial effects of the near-stoichiometric Ti/N
ratio on CGHAZ properties (refer to Chapter 5) does not extend to the IC-CGHAZ
toughness, and that the formation of blocky M-A constituent is the most detrimental
factor deteriorating IC-CGHAZ toughness. Elimination or minimisation of blocky M-A
constituent in IC-CGHAZ has the potential to significantly improve IC-CGHAZ
toughness. As the ICCGHAZ is produced by the overlapping of weld HAZs from
different weld beads, any methods which can reduce the overlap are considered to be
beneficial to overcoming the problems associated with ICCGHAZ. The following two
possible methods are proposed: 1) use the welding procedures with small heat input (HI)
to reduce the area of HAZ; 2) modify the weld bead shape to minimise the overlap.

159

6. Thermal Simulation of Intercritically Reheated CGHAZ in X70 Steels

6.4.2

Effect of intercritical reheating temperature on IC-CGHAZ

This investigation has provided evidence of the microstructural factors controlling the
mechanical properties, particularly fracture toughness, of CGHAZ following thermal
modification by a subsequent intercritical heat treatment.

The microstructure of CGHAZ will depend primarily on the steel chemical composition
(i.e. hardenability as defined by the CEIIW), the grain coarsening characteristics of the
steel and also the welding conditions, namely welding HI and plate thickness which
defines the cooling rate. Alternation of the CGHAZ by subsequent weld deposit will
induce a further range of thermal effects depending on the peak temperature
experienced. As described previously, exposure of the original CGHAZ to an
intercritical thermal cycle can result in deterioration of properties, particularly fracture
toughness.

In the current high strength API 5L grade X70 pipes, the original CGHAZ had a
microstructure that was predominantly bainite, consisting of heavily dislocated ferrite
laths and a secondary phase of both carbide and intragranular M-A constituent finely
dispersed within the prior austenite grains. The M-A was primarily located along the
ferrite laths and so had an elongated morphology with fraction of 1.6 vol.%.

The intercritical temperate range for this pipe steel grade was defined by dilatometry
technique to be within the temperature range of 800-890°C. Within this temperature
range, it is evident that two transformation processes were operative:
1) Recovery and recrystallisation of the original bainitic microstructure and,
2) Formation of austenite, which increased in proportion with the intercritical
reheating temperature.
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The former process is well known to improve fracture toughness by the reduction in
hardness and formation of recrystallised ferrites, through normal recovery and
recrystallisation processes. This was evident in Figure 6-3 by the change in ferrite grain
size and also the dispersion of the secondary phase. The latter austenitisation effects are
far more important and can vary widely depending on the elemental and partitioning, of
mainly carbon, to modify the final secondary phase transformation products, especially
M-A constituent.

The selection of three temperatures 813°C, 838°C and 868°C demonstrated the
gradually changing microstructure and fracture toughness, which occurs in typical
multi-pass welds. At the lower intercritical reheating temperatures (e.g. 813°C), the
small fraction of austenite which forms on heating, preferentially forms at the prior
austenite grain boundaries in isolate pockets. Elemental diffusion of carbon is known to
enrich these pockets increasing hardenability [170]. On cooling these enriched pockets
of austenite transform into M-A. The intragranular regions of M-A associated with the
bainitic microstructure does not appear to be modified to any great extent. The dominant
feature of this low intercritical temperature treatment is the formation of a significantly
increased fraction (3.9 vol.%) of relatively large grain boundary network of M-A in a
necklace pattern, as clearly demonstrated in Figure 6-10 and Figure 6-11.

Increasing the intercritical reheating temperature results in increased fraction of
austenite, as defined simply by the lever rule. At the reheating temperature of 838°C,
the overall size of the M-A pockets increased significantly, at the expense of the finely
dispersed intragranular M-A (Figure 6-11). It is also important to note that the relatively
large blocky grain boundary M-A was also eliminated. Clearly, the hardenability of the
austenite formed was sufficient, at the employed cooling rate, to still form a relatively
large fraction of M-A (5.3 vol.%, refer to Table 6-3), but most importantly with an
increased particle size. This change in distribution and morphology is evident in Figure
6-11 and Table 6-3, where the average size of M-A was typically larger than 0.4μm.
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With a further increase in reheating temperature to 868°C, within the intercritical range,
resulted in a significant reduction in both the size and fraction of M-A. This would be
associated with an overall lowering of hardenability simply as a result of elemental
dilution with the increasing fraction of austenite formed on heating.

The results of these microstructural changes are evident in both hardness and fracture
toughness. Despite the obvious recovery processes occurring within the original bainite
microstructure, the observed decrease in hardness with increasing the intercritical
temperature appears to be linearly related to the fraction of M-A constituent as shown in
Figure 6-16.

Figure 6-16 Correlation of hardness with total fraction of M-A constituent.

In terms of fracture toughness the microstructural modifications occurring within the
intercritical temperature range are a function of M-A fraction and size [145]. A
reheating temperature at the lower end of the intercritical range (813°C) resulted in the
formation of a large fraction of coarse blocky M-A islands along the prior austenite
grain boundaries. The combination of M-A size, fraction and location are responsible
for the maximum deterioration of fracture toughness. Interestingly though at 838°C,
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fracture toughness was still low but without the presence of grain boundary M-A
particles. In this particular case, the increased number of relatively large M-A particles
appears to be the controlling factor in fracture toughness. An increase in intercritical
reheating temperature to 868°C resulted in a dramatic reduction in fraction of M-A (1.5
vol.%) and average particle size (Figure 6-11). At this temperature, the M-A was
extremely fine with very low fraction, however it is evident from Figure 6-13, that the
fracture toughness had not returned to that of the original CGHAZ. Close examination
of Figure 6-11 suggests that at this particular intercritical temperature, relatively large
isolated M-A particles remain, which are quite possibly still active in providing sites for
initiation of cleavage fracture [68, 171], and could explain the difference in toughness
between this intercritical reheating temperature and that of the original CGHAZ.

Although, this work has highlighted the potency of blocky grain boundary particles of
M-A on fracture toughness, the presence of isolated large M-A particles, observed on
the 838°C reheated specimen, also appear to be deleterious to fracture toughness.

6.5 Conclusions

The microstructure and toughness properties of IC-CGHAZs in X70 steels with three
different Ti/N ratios and different thermal cycles were investigated. The following
conclusions are drawn:
1. OM and SEM along with special etching techniques have shown that a blocky
grain boundary M-A constituent forms when the original CGHAZ is reheated
into the intercritical temperature region.

2. The reheating process has a dominant effect on the morphology and volume
fraction of M-A phase formed. A low intercritical reheating temperature of
813°C results in the formation of a small fraction of austenite along the prior
austenite grain boundary, which is enriched in carbon and so possesses high
hardenability.
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3. There was no correlation between the Ti/N ratio and the fraction and
morphology of the grain boundary M-A constituent.

4. The IC-CGHAZ possessed a higher hardness and lower fracture toughness than
the original CGHAZ, due to the presence of the blocky grain boundary M-A
constituent.

5. Intercritical heat treatment of the CGHAZ dramatically deteriorates the Charpy
impact toughness.

6. Maximum deterioration occurs at temperatures just above the Ac1 temperature
where small regions of blocky M-A form along the prior austenite grain
boundaries, in the form of necklace pattern.

7. Increasing temperature within the intercritical region results in elimination of
the grain boundary M-A phase, but is replaced by more uniform dispersion of
large M-A particles, which is also deleterious to toughness.

8. Toughness within the intercritical temperature range does not return to the asdeposited CGHAZ due to the presence of isolated large M-A constituent.

9. Significance of M-A particles to the HAZ fracture toughness is determined by
the size of secondary phase and also the location of secondary phase.
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7 Thermal Simulation of Critical HAZ Regions in Nb
Microalloyed Steels

7.1 Introduction

In the current context, high strength line pipe grades (such as X80 and above) are
developed for the application in the oil and gas industry. So it is crucial to meet the
requirement of combination of high strength, superior toughness at low temperature and
excellent weldability. Utilisation of high grade steels is beneficial to the economy and
environment because the total tonnage of steel structures and thus the carbon dioxide
emissions associated with steel manufacture and transportation can be significantly
reduced. Nevertheless, the poor heat affected zone (HAZ) toughness, especially at low
temperature, is considered to be the main issue that could limit or delay the use of high
grade steels in the major infrastructure projects.

Modern high strength low alloy (HSLA) steels are judicially designed with
microalloying additions that provide optimum control of microstructure and therefore
mechanical properties. This control extends from steel processing, to finishing rolling
processes and also to subsequent thermal fabrication such as hot forming and welding.
Optimum microstructure with very fine grain size commences with control of the
austenite grain size. However, thermal processing results in the driving force to reduce
grain boundary surface area and thus causes grain coarsening.

Additions of microalloying elements, such as Nb, Ti and V, and the adoption of
thermomechanical controlled processing (TMCP) technology contribute to the
improvement in strength and toughness through various mechanisms, including grain
refinement, precipitate strengthening etc. Among of all microalloying elements, Nb is a
basic and important building block in the formulation and metallurgy of microalloyed
steels. It is well known that in microalloyed steels Nb level up to 0.11 wt.% provides
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additional benefits in term of mechanical properties and steel processing [42, 45-47]. Nb
has a multifold influence on the mechanical properties of microalloyed steels: grain size
refinement; lowering the γ to α transformation temperature (Ar3), precipitation
strengthening and retardation of austenite recrystallisation [35, 172].

The high Nb (up to 0.11 wt.%) line pipe steel is typically manufactured through high
temperature processing (HTP) that is one of promising processing routes which exploits
the beneficial effects of Nb to a higher degree. Due to the strong retardation effect of Nb
on the austenite recrystalisation, the finish rolling temperature (FRT) can be
significantly raised, which can lead to much lower rolling forces for the same reduction.
The steels produced through HTP exhibit good toughness due to the refinement of the
austenite grains achieved through increased rolling reduction ratio in the nonrecrystallisation region [148]. But this obtained desirable microstructure will be
inevitably changed in the weld HAZ due to the thermal cycles during welding. Thus the
HAZ toughness needs to be evaluated for comprehensive understanding of HTP steels.
For this purpose, simulated coarse grained heat affected zones (CGHAZs) subjected to
different thermal cycles were produced to investigate the influence of heat input (HI) in
this type of steels. Several related studies on conventional line pipe steels have been
reported. For instance, Li et al. [144] found that in X70 grade steel with 0.05 wt.% Nb
the CGHAZ toughness reached maximum at cooling time (Δt8/5) of 8s (i.e. equivalent
HI of 1.2kJ/mm). Similarly, You et al. [173] stated that in X100 grade steel with 0.08
wt.% Nb the best CGHAZ toughness was achieved at the intermediate HI (1.5-2kJ/mm).
However, the effect of welding HI on the microstructure and properties of X80 steel
produced through HTP is not fully understood and still requires comprehensive
investigation. This was the aim of current study and the findings are presented in this
chapter.

The ductile brittle transition behaviour in metals is important for the toughness
evaluation, especially for materials with body centred cubic (bcc) structure, since once
the material is cooled below the ductile brittle transition temperature (TB), the toughness
can be dramatically reduced, potentially resulting in brittle failure. In this chapter, the
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ductile brittle transition behaviour of the HTP steel was evaluated through a
comparative study.

Grain size refinement is the only effective method to improve strength and toughness
simultaneously. Hence one emphasis here is to clarify the correlation of Nb content and
grain coarsening characteristics. Some previous research on this subject is summarised
as follows. Palmiere et al. [174] found out that fine Nb(C,N) precipitates can effectively
retard austenite grain coarsening and also grain coarsening temperature systematically
increased with increasing the Nb addition. Similarly, the findings of Cuddy et al. [175]
indicate an increase in grain coarsening temperature of approximately 200°C as the Nb
content increased from 0.01 wt.% to 0.11 wt.%. In addition, Alogab et al. [176]
concluded that in microalloyed carburising steels Nb additions suppress austenite grain
coarsening and the effects are stronger with increasing the Nb concentration. Research
[177] has been carried out to clarify the effects of various Nb concentrations on grain
coarsening of carbon steels, however little work has focused on the HAZ grain size
control. Therefore another objective of this chapter is to investigate the effect of Nb
content on grain coarsening in thermal cycles similar to that experienced in the HAZ of
typical fusion welds.

7.2 Experiments

7.2.1

Investigated materials

In this chapter, the investigation is mainly focused on the API 5L grade X80 with a
nominal yield strength of 552MPa (80ksi) manufactured though HTP. The mechanical
properties of the BM are shown in Table 7-1.

167

7. Thermal Simulation of Critical HAZ Regions in Nb Microalloyed Steels

Table 7-1 Mechanical properties of BM of X80 steel.
Tensile properties

Toughness
Y/T

Orientation

Rt0.5, MPa

Rm, MPa

A5 , %

Transverse

574

685

39

0.84

250

Longitudinal

571

643

32

0.89

-

ratio

vE-20, J

For comparison, an API 5L grade X70 steel with nominal yield strength of 483MPa
(70ksi) produced through conventional route is also included in this study. In addition,
the other steel, i.e. HSLA65, was selected for a comparative study of the grain
coarsening behaviour in simulated HAZ of steels as a function of Nb concentration.

The as-received materials of X80 and X70 are UOE (U-ing, O-ing and Expansion) pipes
with diameters of 762mm and 1067mm respectively, and equal wall thickness of
14.1mm. HSLA65 steel is a steel strip with thickness of 11mm respectively. The
chemical composition of all studied steels is shown in Table 7-2.
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Table 7-2 Chemical composition of the investigated steels, in wt.%.
Steel

C

Mn

Si

Ni

Cu

Mo

Cr

Nb

Ti

X80

0.05

1.61

0.16

0.12

0.22

0.002

0.24

0.11

0.012

X70

0.05

1.60

0.23

0.20

0.14

0.16

0.03

0.056 0.0077

HSLA65 0.085

1.44

0.3

0.015

0.016

0.01

0.03

0.033

0.016

Al

Ca

N

S

P

B

CEIIW

Pcm

Steel

V

X80

0.003 0.036 0.001 0.0048 0.0020 0.014 0.0003

0.39

0.16

X70

0.024 0.030 0.002 0.0031 0.0006 0.009 0.0002

0.37

0.16

0.35

0.18

HSLA65 0.066 0.035

7.2.2

-

0.006

0.004

0.015 0.0002

Gleeble simulation

In order to evaluate the effect of welding HI on the microstructure and properties of
CGHAZ in X80 steel, square bar specimens (10mm×10mm×80mm) extracted from pipe
body along the transverse direction were subject to different welding thermal cycles.
Simulated HAZ was produced in a vacuum chamber of Gleeble 3500 simulator. The
thermal cycle employed is schematically shown in Figure 7-1. It involved heating to
peak temperature of 1350°C at a rate of 200°C/s, holding at the peak temperature for
0.5s, and controlled cooling to 150°C. The cooling rate is usually specified as the
cooling time from 800°C to 500°C (i.e. Δt8/5). It is an important parameter influencing
the transformation behaviour and can be converted to the welding HI. In this study, Δt8/5
was selected to be 4.4s, 7.7s, 18.4s, 38.6s, 76.6s and 155s, and the corresponding
equivalent HIs were 0.8kJ/mm, 1.2kJ/mm, 1.7kJ/mm, 2.5kJ/mm, 3.5kJ/mm and 5kJ/mm
respectively. SMAW (shielded metal arc welding), GMAW (gas metal arc welding) and
SAW (submerged arc welding) are the most common welding techniques used during
pipe manufacture and field girth welding. The first three HIs represent low, medium and
169

7. Thermal Simulation of Critical HAZ Regions in Nb Microalloyed Steels

high HI GMAW/ SMAW. The following two represent SAW and the highest HI could
represent SAW for the thick plates. For simplicity, the simulated CGHAZs of X80 steel
are designated to Sample 1a, Sample 1b, Sample 1c, Sample 1d, Sample 1e and Sample
1f in the increasing order of cooling time/ HI respectively.

Figure 7-1 Thermal cycles with different cooling time Δt8/5 for simulated CGHAZs of
X80 steel.

For comparison, specimens were also extracted from the pipe body of X70 steel in the
same manner as for X80 steel. The specimens were subject to the thermal cycle with
Δt8/5 of 38.6s (HI 2.5kJ/mm), as shown in Figure 7-1, which is typically experienced in
the CGHAZ of two-pass SAW joint. Here, the sample of simulated CGHAZ for X70 is
designated to Sample 2.

For the purpose of investigating the grain coarsening behaviour in HAZ of Nbcontaining microalloyed steels, cylinder samples with dimension of diameter 6mm and
length 75mm were machined from all the three steel grades. Gleeble 3500
thermomechanical simulator was employed to produce sufficient volume of particular
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HAZ microstructure. Four peak temperatures (1050°C, 1150°C, 1250°C and 1350°C)
were selected to represent different HAZ subzones. The thermal cycles employed are
presented in Figure 7-2.

Figure 7-2 Thermal cycles with different peak temperatures used for the HAZ
simulation of the studied steels: (a) overview; (b) detail of the peak temperature.

7.2.3

Microstructural examination

Simulated CGHAZ samples were sectioned at the location of the thermocouple for
microstructure examination. The samples were grinded and polished according to
standard metallography procedures, and etched in 2.5 vol.% nital solution. The
microstructure was characterised using optical microscope (OM). Moreover, the
samples were re-polished and etched in picric acid reagent at 68°C to discern the prior
austenite grain boundaries. The grain size was measured using image analysis software.

The microstructure of simulated CGHAZs of X80 and X70 was examined in detail for
comparison. Firstly, the martensite-austenite (M-A) constituents were revealed by using
LePera etchant [178, 179], and the fraction of M-A was measured. Secondly, electron
backscatter diffraction (EBSD) study and detailed microstructural analysis of selected
samples were performed using a JEOL JSM 7001F field emission scanning electron
microscope (FEG-SEM), and the data was interpreted by HKL Channel 5 software.
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7.2.4

Mechanical testing

The hardness of the samples was measured using 1kg load, and the hardness values
were the average of five measurements. Charpy impact testing was conducted at -20°C
for the simulated CGHAZ specimens of X80 and X70 steels. The samples for the
Charpy impact esting were machined to dimension of 10mm×10mm×55mm in the T-L
orientation according to ASTM E23. The notch was located in the uniform
microstructural region at the centre of the simulated specimens.

In addition, to construct the ductile brittle transition curves of X80 (Sample 1d) and X70
(Sample 2), the Charpy impact testing, as described above, was conducted at a series of
temperatures of 0°C, -20°C, -40°C and -60°C. Finally, the fractographs of all impacted
Charpy specimens were evaluated.

7.3 Results

The results presented in this section can be divided into three parts:
1) Influence of HI on the microstructure and properties in simulated CGHAZs of
X80 steel processed through HTP. The microstructure and mechanical properties
of simulated CGHAZs with different cooling time Δt8/5 (with respect to welding
HI) were evaluated.

2) A comparative study of the ductile brittle transition behaviour in simulated
CGHAZs of high Nb X80 steel and conventional X70 steel. The microstructure
of both steels were characterised by different characterisation techniques: OM,
SEM and EBSD. A series of Charpy impact testing was conducted at different
temperatures ranged from -60°C to 0°C.

3) An investigation of the grain coarsening behaviour in HAZ of steels with
different Nb contents.
172

7. Thermal Simulation of Critical HAZ Regions in Nb Microalloyed Steels

7.3.1

Influence of HI on microstructure and properties of HTP X80 steel

7.3.1.1 Microstructural analysis

Figure 7-3 (a) through (f) shows microstructure of the simulated CGHAZs that
experienced difference welding thermal cycles. The microstructure of Sample 1a
(Δt8/5=4.4s) consisted of almost fully bainitic ferrite and small amount of M-A
constituent, and distinct bainite packets in the form of parallel laths were visible (Figure
7-3 a). The microstructure of Sample 1b (Δt8/5=7.7s) was mainly composed of bainitic
ferrite and granular bainite, with the presence of small amount of M-A constituent
(Figure 7-3 b). When the cooling time Δt8/5 was increased to 18.4s, the microstructure
predominantly consisted of granular bainite and secondary phase of M-A constituent
(Figure 7-3 c). At the cooling time Δt8/5 of 38.6s and 76.6s, the microstructure consisted
of granular bainite, small amount of quasi-polygonal ferrite and M-A (Figure 7-3 d and
e). With the increase of cooling time Δt8/5 to 155s, the microstructure was composed of
granular bainite, quasi-polygonal ferrite, small amount of polygonal ferrite and M-A
constituent (Figure 7-3 f).
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Figure 7-3 Optical micrographs of simulated CGHAZs of X80 steel produced using
different cooling time Δt8/5: (a) 4.4s; (b) 7.7s; (c) 18.4s; (d) 38.6s; (e) 76.6s; (f) 155s.

To identify and quantify the M-A constituent, quantitative metallography analysis was
performed on the simulated CGHAZs. Although the accurate quantitative measurement
was not easy, the semi-quantitative comparative analysis was feasible. The fraction of
M-A constituent correlated with different cooling time is presented in Table 7-3. The
fraction of M-A was relatively low (less than 2 vol.%) in all the studied specimens.
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Meanwhile, it was found that the fraction of M-A increased when the cooling time
increased from 4.4s to 18.4s, and slightly decreased when cooling time increased further.

Table 7-3 Fraction (Vf) of M-A constituent in simulated CGHAZs of X80 steel
produced using different cooling time Δt8/5 (or equivalent HI). CR8/7: cooling rate
measured between 800°C and 700°C during the cooling regime of thermal cycles.
Δt8/5, s

4.4

7.7

18.4

38.6

76.6

155.0

HI, kJ/mm

0.8

1.2

1.7

2.5

3.5

5.0

CR8/7, °C/s

108

80

33

14

7

4

0.3

1.4

1.4

1.1

0.7

0.7

Vf of M-A,
vol.%

The prior austenite grain size of the simulated CGHAZs produced using different
cooling time was statistically analysed, and the results are presented in Figure 7-4.
Interestingly, when the cooling time Δt8/5 increased from 4.4s to 76.6s, the average
austenite grain size slightly increased and was determined to be in a narrow range
between 45-55µm. This can be due to the grain boundary pinning effect of
microalloying precipitates. With further increasing of the cooling time Δt8/5 to 155.0s, a
considerable grain coarsening occurred in the simulated CGHAZ and the prior austenite
grain size was determined to be approximately 85μm.
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Figure 7-4 Correlation between prior austenite grain size and cooling time Δt8/5/ HI for
simulated CGHAZs of X80 steel. The error bars represent standard deviation.

The EBSD analysis was performed on selected specimens (i.e. Sample 1b, 1d and 1e) to
examine the microstructure of simulated CGHAZs in detail. The grain boundary maps
for the three selected samples are presented in Figure 7-5. It was found that 1b
(Δt8/5=7.7s) had higher fraction of high angle grain boundaries (HAGBs) than Sample
1d (Δt8/5=38.6s) and Sample 1e (Δt8/5=76.6s). According to the optical micrographs in
Figure 7-3, some polygonal ferrite appeared in Sample 1d (Δt8/5=38.6s) and Sample 1e
(Δt8/5=76.6s). The boundaries of polygonal ferrite were considered as low angle grain
boundaries (LAGBs). Thus the fraction of HAGBs in Sample 1d (Δt8/5=38.6s) and
Sample 1e (Δt8/5=76.6s) was lower when compared to 1b (Δt8/5=7.7s).
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Figure 7-5 Grain boundary maps of simulated CGHAZs with different cooling time
Δt8/5/ HIs for X80 steel: (a) Sample 1b, Δt8/5=7.7s; (b) Sample 1d, Δt8/5=38.6s; (c)
Sample 1e, Δt8/5=76.6s; (d) Illustration of sample orientation and scale bar. The black
lines represent LAGBs (2-15°); the red lines represent HAGBs (15°or more).

7.3.1.2 Hardness testing

The HAZ hardness is a good indicator of the susceptibility to cold cracking [144, 180].
The Vickers hardness of simulated CGHAZ as a function of cooling time Δt8/5/ HI is
plotted in Figure 7-6. It can be seen that the hardness varied in the range of 204-255HV1.
Bruce et al. [181] suggested that the risk of cold cracking can be significantly reduced
when the HAZ hardness is below 350HV, implying an appropriate CGHAZ hardness
and good weldability in the studied steel. In addition, it was noted the hardness values
were inversely proportional to the cooling time Δt8/5/ HIs when the cooling time Δt8/5
was shorter than 18.4s, while the hardness values remained constant (204-207HV1)
when the cooling time Δt8/5 increased from 38.6s to 155s.
177

7. Thermal Simulation of Critical HAZ Regions in Nb Microalloyed Steels

Figure 7-6 Vickers hardness variation as a function of cooling time Δt8/5/ HI.

7.3.1.3 Charpy impact testing

Figure 7-7 shows Charpy impact energy of the simulated CGHAZs at testing
temperature of -20°C. It is worthwhile to note that all studied samples exhibited good
toughness (vE-20>200J) in the studied range of cooling time Δt8/5/ HIs. Furthermore,
there was only minor decrease in the average values of Charpy impact energy with
increasing the cooling time Δt8/5/ HI. Additionally, the standard deviation of the impact
energy of Sample 1f (Δt8/5=155s) was much larger compared to the other specimens,
which may suggest the testing temperature approaches to the ductile brittle transition
region. Figure 7-8 shows the SEM fractographs of the fracture specimens. The fine
dimples indicated the ductile fracture mode in all specimens.
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Figure 7-7 Charpy impact energy as a function of cooling time Δt8/5/ HI in simulated
CGHAZ of X80 steel.
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Figure 7-8 SEM fractographs of simulated CGHAZs with different cooling time Δt8/5/
HIs in X80 steel: (a) 4.4s; (b) 7.7s; (c) 18.4s; (d) 38.6s; (e) 76.6s; (f) 155s.
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7.3.2

Ductile brittle transition behaviour in high Nb X80 steel compared to
conventional X70 steel

7.3.2.1 Comprehensive microstructural examination

The microstructure of simulated CGHAZs for X80 (Sample 1d) and X70 (Sample 2)
was analysed by using OM. Figure 7-9 shows the optical micrographs of the simulated
CGHAZs for both specimens. According to the optical micrographs, the microstructural
constituents of both specimens were similar, and composed of granular ferrite, bainitic
ferrite and some amount of M-A constituent inside the prior austenite grains. One subtle
difference is that the sub-microstructure (i.e. predominantly bainitic ferrite laths) of the
simulated CGHAZ for X80 steel (Sample 1d) was more uniform and homogeneous than
that of X70 steel (Sample 2). To quantify the austenite grain size, the prior austenite
grain size of both specimens was statistically analysed using quantitative metallography.
It was found that the average prior austenite grain size of the simulated CGHAZ for the
X80 steel (approximately 58μm) was less coarser than that of X70 steel (approximately
103μm). In addition, both specimens exhibited almost the same Vickers hardness values
205±4HV1 and 204±4HV1 respectively. This also reflected the similarity of the phase
constituent in both specimens.

In order to obtain the fraction of M-A constituent, the optical micrographs of both
specimens after etching with LePera reagent were analysed by using an image analysing
software. The representative micrographs highlighting the M-A constituent are present
in Figure 7-10. The simulated CGHAZ of X80 steel had lower fraction of M-A (around
1.1 vol.%) than that of X70 steel (around 2.5 vol.%). Moreover, the M-A in simulated
CGHAZ of X80 steel is finer and more uniform than that in simulated CGHAZ of X70
steel. The M-A constituent in the X80 specimen is dispersedly distributed, while M-A
preferably formed at prior austenite boundaries in X70 specimen.
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Figure 7-9 Comparison of optical microstructure in simulated CGHAZ (∆t8/5=38.6s): (a)
X80 steel; (b) X70 steel.

Figure 7-10 The micrographs highlighting M-A constituent in the simulated CGHAZ
(∆t8/5=38.6s): (a) X80 steel; (a) X70 steel. Etched in LePera reagent.

As the magnification of OM is limited and the microstructural features are very fine and
complex, FEG-SEM was used to characterise the transformed microstructure in the
simulated CGHAZ. Figure 7-11 shows the microstructure observed by using FEG-SEM
at different magnifications for the studied specimens. From the micrographs at low
magnification (Figure 7-11 (a) and (c)), both specimens had microstructure
predominantly composed of granular bainite and bainitic ferrite, which is in agreement
with the optical micrographs. Also, small amount of quasi-polygonal ferrite and M-A
were also found in both specimens. Although the phase constituents are similar, the
simulated CGHAZ of X80 steel had a higher density of precipitates when compared
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with X70 specimen. Hence, X80 (Sample 1d) had a finer and more uniform distribution
of prior austenite grain size. The typical precipitates in both specimens were analysed
using energy dispersive X-ray spectroscopy (EDS). The results indicated that both
specimens contained (Ti,Nb)(C,N) complex precipitates. In addition, simple Nbcontaining precipitates such as NbC were found in X80 specimen due to the high Nb
content.
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(f)

(e)

(g)

Figure 7-11 General and detailed FEG-SEM micrographs of simulated CGHAZs: (a)
and (b) X80 steel; (c) and (d) X70 steel; (e) and (f) EDS analysis of precipitates in X80
steel; (g) EDS analysis of precipitates in X70 steel. The white arrows in (b) and (d)
indicate the precipitates.

To investigate the substructure further, EBSD characterisation was performed on the
simulated CGHAZs. The boundary maps superimposed on the band contrast maps are
present in Figure 7-12. It can be seen that the size of sub-grains as well as the
percentage of HAGBs in the two studied specimens are at the same level.
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Figure 7-12 Boundary maps superimposed on band contrast maps obtained from EBSD
analysis: (a) X80 steel; (b) X70 steel.

7.3.2.2 Mechanical testing

To investigate the ductile brittle transition behaviour of simulated CGHAZs for both
steels, a series of Charpy impact testing was conducted at different temperatures, and
the results are shown in Figure 7-13. It is obvious that the Charpy impact energy
decreases as the testing temperature decreases. At testing temperature of 0°C, both
specimens had superior toughness (vE0>270J), which can be assumed to be the upper
shelf energy (USE). When the test temperature decreased to -20°C, there was a large
difference of the toughness for the two studied CGHAZs. The impact energy
dramatically decreased to 61J for X70 specimen, whereas the toughness of X80
specimen was still excellent (vE-20>252J). With further decreasing the testing
temperature to -40°C and -60°C, both specimens exhibited low impact energy (<34J),
which can be assumed to be the lower shelf energy (LSE). The TB can be estimated as
the temperature corresponding to the mean value of USE and LSE [164]. It is interesting
to note that in the simulated CGHAZ the TB of X80 steel (approximately -30°C) is 20°C
lower than that of X70 steel (approximately -10°C).
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Figure 7-13 Variation in the average impact energy as a function of testing temperature
for simulated CGHAZ (HI of 2.5kJ/mm) in both X80 and X70 steels.

Figure 7-14 shows typical examination of SEM fractographs (see Appendix 5 for low
magnification macrographs) at different temperatures for the simulated CGHAZs of
X80 steel and X70 steel. Fine dimples indicating ductile fracture occurred in both
specimens at testing temperature of 0°C, while the evidence for primarily cleavage was
clear for both specimens at lower testing temperatures of -40°C and -60°C. At these two
testing temperatures, in both specimens the river patterns can be seen radiating from the
fracture facet center. However, the facet unit size of X80 specimen was finer than that
of X70 specimen, which was due to the finer austenite grain size in X80 specimen. It is
also noteworthy that at -20°C the ductile fracture occurred in the X80 specimen whereas
the cleavage fracture was the dominant mode of fracture in X70 specimen. This is in
good agreement with the results of Charpy impact energy shown in Figure 7-13. The
causes of ductile and cleavage fracture at testing temperature -20°C for both specimens
can be the prior austenite size, the distribution and fraction of M-A constituents (Figure
7-10) in the simulated CGHAZs.
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Figure 7-14 Fracture surfaces examined using SEM of simulated CGHAZs for X80
(Sample 1d) and X70 (Sample 2). (a) X80 at 0°C; (b) X70 at 0°C; (c) X80 at -20°C; (d)
X70 at -20°C; (e) X80 at -40°C; (f) X70 at -40°C; (g) X80 at -60°C; (h) X70 at -60°C.

7.3.3

Grain coarsening behaviour in HAZ of Nb-containing steels

7.3.3.1 Microstructure of BM

The BM microstructure of all samples is presented in Figure 7-15. Microstructure of
HSLA65 steel was composed of equiaxed ferrite with small volume fraction of pearlite.
X70 steel contained very fine polygonal ferrite, a small volume fraction of quasipolygonal ferrite and finely dispersed pearlite/ carbide. In X80 steel, quasi-polygonal
ferrite and bainite were found to be the dominant features. The difference between the
microstructure of base materials can be related to both composition and manufacturing
process.
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Figure 7-15 BM microstructure of all three studied steels: (a) X80 steel; (b) X70 steel;
(c) HSLA65 steel.

7.3.3.2 Microstructure evolution in simulated HAZ

The microstructure of simulated HAZ with different peak temperatures of 1050°C,
1150°C, 1250°C and 1350°C is shown in Figure 7-16, Figure 7-17, Figure 7-18 and
Figure 7-19 respectively. Thermal cycle employing peak temperature of 1050°C
resulted in overall refinement of microstructure in HSLA65 steel. X80 steel and X70
steel appear to experience coarsening of the microstructural features compared to asreceived BM. Also, some carbides were observed to form in the microstructure.

With increasing peak temperature to 1150°C, greater extent of austenite grain
coarsening was observed in all investigated samples, particularly in HSLA65 steel.
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Microstructure of HSLA65 steel contained proeutectoid ferrite and bainitic ferrite. The
structure of X80 steel and X70 steel was similar to that produced at 1050°C and mainly
consisted of fine bainitic ferrite.

With increasing peak temperatures to 1250°C and 1350°C, further growth of austenite
grain and coarsening of the microstructural features were observed in all studied steels,
however no significant changes of microstructural constituents occurred.

It is known [182] and can also be observed from the micrographs that the solute Nb can
retard the heterogeneous nucleation of ferrite at the grain boundaries, retard the γ to α
transformation and thus promote the formation of finer ferritic microstructure. This has
beneficial effect on toughness.
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Figure 7-16 Microstructure of simulated HAZ at peak temperature of 1050°C for all
three studied steels: (a) X80 steel; (b) X70 steel; (c) HSLA65 steel.
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Figure 7-17 Microstructure of simulated HAZ at peak temperature of 1150°C for all
three studied steels: (a) X80 steel; (b) X70 steel; (c) HSLA65 steel.
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Figure 7-18 Microstructure of simulated HAZ at peak temperature of 1250°C for all
three studied steels: (a) X80 steel; (b) X70 steel; (c) HSLA65 steel.
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Figure 7-19 Microstructure of simulated HAZ at peak temperature of 1350°C for all
three studied steels: (a) X80 steel; (b) X70 steel; (c) HSLA65 steel.

7.3.3.3 Grain size measurement

The average values of prior austenite grain size for the three investigated steels are
plotted in Figure 7-20. As expected and shown in Figure 7-20, all steels experienced
various degrees of grain coarsening with the increase of peak temperature.

Grain size of the samples subjected to thermal cycle with peak temperature of 1050°C
was fairly uniform with an average value of around 10μm. When the peak temperature
increases to 1150°C, prior austenite grain size remained virtually unchanged in X80
steel (the highest Nb content), and slightly increased in X70 steel and HSLA65 steel.
Thermal cycle with peak temperature of 1250°C stimulated grain growth in all three
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steels. Interestingly, X80 steel experienced most dramatic grain size increase of almost
40μm compared to 1150°C. Further increase of peak temperature to 1350°C promoted
significant coarsening in all steels except X80 steel where only a slight increase
occurred.

All the investigated steels contained deliberate additions of Ti that can restrict austenite
grain coarsening at high temperatures through the formation of TiN [183]. Nb-Ti
microalloyed steels commonly contain complex precipitates (Ti,Nb)(C,N), which can
exist as a Ti-rich core and Nb-rich shell structure [184]. At temperatures higher than
1050°C (except 1250°C), high Nb steels showed better grain size control compared to
low Nb grades. This could be attributed to the presence of Nb in solid solution,
dissolved from the Nb-rich shell surrounding the precipitates, forming a barrier to the
coarsening of TiN precipitates (i.e. Ti-rich core) thus increasing the grain boundary
pinning efficiency. At the higher evaluated temperatures, the diffusion rate of Nb
increases and due to its tendency to segregate at austenite grain boundaries [96] and/ or
decreasing grain boundary energy [51], which can thus retard grain growth. The
observed effects of Nb on the different grain growth mechanisms along with the effects
of near neighbour grain pinning effects [137] warrant further investigation.
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Figure 7-20 Grain size measurement of the investigated steels at different peak
temperatures.

7.4 Discussion

7.4.1

Influence of HI on microstructure and properties in simulated CGHAZ of
X80 steel

During welding HAZ simulation, the austenite formed at high temperature transforms
into various microstructural constituents upon cooling. According to Krauss et al. [14],
the transformed microstructure within the prior austenite grains of the CGHAZ in high
strength pipeline steels can be classified into polygonal ferrite, quasi-polygonal ferrite,
granular bainite, bainitic ferrite and M-A constituent. In the current study, the
microstructure of simulated CGHAZs primarily consists of bainitic ferrite and granular
bainite (Figure 7-3). Granular bainite transforms at the temperature similar to the
transformation temperature of bainitic ferrite and forms at a slightly slower cooling rate
[14, 15]. It has been demonstrated that the microstructure of both bainitic ferrite and
granular bainite are beneficial to the toughness:
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1) The laths of bainitic ferrite formed from austenite grain boundaries can work as
nucleation sites for acicular ferrite [185], giving rise to fine lathy structure.
The boundaries of laths can effectively inhibit the crack propagation [186].

2) The granular bainite can segment the lath bainite and let the lath bainite with
the same orientation become thinner and shorter [144]. This refines the
substructure, and thus benefits the toughness.

Although the amount of high temperature transformation products such as quasipolygonal ferrite and polygonal ferrite increased with increasing the cooling time, all
the studied specimens had bainitic-dominant substructure. This was consistent with the
continuous cooling transformation (CCT) diagram of HTP steel (0.03C-0.10Nb-1.75Mn,
in wt.%) in reference [42], in which the low carbon bainitic microstructure can form
over a wide range of cooling conditions (CR8/7 approximately from 1°C/s to 125°C/s).
One explanation is that the Nb in solid solution can retard the γ/α transformation as a
consequence of its relatively large atom size, resulting in the formation of bainitic
microstructure [42].

The secondary phases, such as M-A constituent, can influence the toughness properties.
The M-A constituents may incur high stress concentration at the M-A/ matrix interfaces,
and can act as the potential crack initiation sites. It is known that the fracture probability
at M-A increases as the number and size of M-A increase [187]. The simulated
CGHAZs of X80 steel exhibited a relatively low fraction of M-A constituent (<1.4
vol.%) at a wide range of investigated HIs (Table 7-3). According to Akselsen et
al.[169], this amount of M-A constituent was below the critical limit (6 vol.%) for
toughness in API X70 and X80 grade pipeline steels. Hence, it is quite reasonable to
infer that the M-A does not play a significant role in reducing the CGHAZ toughness in
this type of steels.
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The prior austenite grain size is another important factor influencing the CGHAZ
toughness. The finer the austenite grain size, the more benefits to the toughness property.
The prior austenite grain boundaries are considered to be HAGBs, which can arrest the
fracture propagation and thus increase the energy for a microcrack to grow to the critical
Griffith crack length. The prior austenite grain size in the simulated CGHAZ was well
controlled in a range of 45-55μm for HIs up to 3.5kJ/mm (Figure 7-6). Although a
considerable grain coarsening occurred at HI of 5kJ/mm, the austenite grain size was
still comparable to the CGHAZ of conventional microalloyed steels which experience
welding thermal cycles with even lower HIs (<5kJ/mm) [188]. This is thought to be
associated with the high Nb content in the steel. The austenite grain growth can be
inhibited by the pinning effect of Nb-containing precipitates and also the solute drag
effect of Nb in solid solution.

Hardness variation can reflect the microstructural constituents. When the cooling time
Δt8/5 was shorter than 18.4s, the hardness values decreased with increasing cooling time.
When the cooling time Δt8/5 was longer than 38.6s, the hardness stabilised at
approximately 205HV1 and did not continuously decrease (Figure 7-6). This trend of
hardness variation was generally consistent with Yurioka et al.‟s [189] HAZ hardness
model correlating the maximum HAZ hardness and the cooling time Δt8/5/ HI. It is
known that the hardness variation in HAZ is related to the carbon partitioning and
transformation products formed during cooling regime of the thermal cycles [144].
Meanwhile, under fast cooling rates (i.e. HI<2.5kJ/mm), there was no sufficient time for
carbon partitioning during the welding simulation. The retained austenite that became
supersaturated with carbon transformed into high carbon bainite with inherent high
density of lattice defects, resulting in high hardness [144]. This was the reason for the
inverse proportional relationship between hardness and cooling time Δt8/5/ HI when the
HI was lower than 2.5kJ/mm. While, at relatively low cooling rates (i.e. HI>2.5kJ/mm),
as discussed earlier, increased amount of granular bainite and polygonal ferrite appeared.
The formation of these phase constituents leads to reduced hardness at low cooling rates.
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Figure 7-7 showing the relation of toughness with cooling time Δt8/5/ HI demonstrates
that the simulated CGHAZs exhibited high impact energy (vE-20>250J) when the HIs
varied from 0.8kJ/mm to 3.5kJ/mm. Moreover, at HI of 5kJ/mm the CGHAZ toughness
is still acceptable according to API 5L specification. As discussed above, the bainitedominant microstructure, relatively low fraction of M-A constituent and considerably
fine austenite grain size combined to contribute to the excellent CGHAZ toughness of
the studied steel. In addition, at HI of 5kJ/mm, the slight drop of average impact energy
with great standard deviation can be associated with the increased amount of polygonal
ferrite and the coarser austenite grain size compared to that of lower HI.

It can be seen from SEM fractographs (Figure 7-8) that the fine dimples were present in
all the simulated CGHAZs, indicating ductile fracture mode. It is considered that the Nb
in solid solution can increase the strength of the cleavage plane, resulting in a ductile
fracture mode. This was well consistent with the toughness data presented in Figure 7-7.
It also provides an evidence to suggest that good CGHAZ toughness can be achieved for
a wide range of HIs representing all the different welding processes.

In this study, a high Nb X80 grade line pipe steel manufactured using HTP exhibited
excellent toughness and acceptable hardness values in simulated CGHAZs subjected to
HIs ranging from 0.8kJ/mm to 5.0kJ/mm. These findings demonstrate that the ultralow
C and high Nb alloy design combined with HTP is a promising practice to produce high
strength line pipe steels with excellent CGHAZ toughness consistently achievable over
a wide range of welding processes.

7.4.2

Ductile brittle transition curve of high Nb X80 steel: a comparative study

According to the optical micrographs (Figure 7-9), granular bainite and bainitic ferrite
are considered to be the dominant constituents in the simulated CGHAZs for both X80
and X70 steels. One subtle distinction is that X80 specimen (Sample 1d) had a more
uniform and homogeneous microstructure. One possible explanation is that the HTP
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rolling practice adopted a larger rolling reduction at higher temperature than the
conventional steel, resulting in a more uniform and homogenous microstructure in the
base plate [148]. During welding simulation, this uniformity and homogeneity are
inherited by the microstructure of HAZ although the microstructure is in some extent
modified by the thermal cycle.

The statistics of prior austenite grain size suggests that the CGHAZ of X80 steel had a
finer and more uniform grain size compared to that of X70 steel. This can be related to
the high density of precipitates in X80 specimen. These Nb-Ti containing precipitates
can exert a pinning force to impede the motion of the grain boundaries during welding.
Also, the Nb in solid solution can retard the grain boundaries through solute drag effect
[173]. Thus it is quite reasonable to infer that the lower degree of grain coarsening that
occurred in the simulated CGHAZ of X80 steel can be attributed to the grain boundary
pinning effect of (Nb,Ti)(C,N) precipitates and the solute drag effect of Nb in solid
solution [173].

Compared with X70 specimen (Sample 2), X80 specimen (Sample 1d) contains lower
volume fraction of M-A constituent that is more uniformly distributed in the matrix
(Figure 7-10). In X80 specimen, the lower fraction of M-A constituent led to a higher
resistance to the cleavage fracture initiation. This could be one of the factors that
accounts for the improved toughness performance in the simulated CGHAZ of X80
steel.

It is know that the USE is mainly affected by the type, fraction and size of the
microstructural constituents [190]. As discussed above, the phase constituents in the two
studied specimens were similar, leading to the same level of USE (approximately 270J).
The excellent USE of simulated CGHAZs for both steels is due to the great amount of
granular bainite and bainitic ferrite formed inside the prior austenite grains, and also the
fine substructure (Figure 7-12).
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The TB is an important parameter for the control of HAZ toughness properties,
especially at low temperature. To investigate and control the low temperature toughness,
Pickering et al. [10] proposed the following equation to correlate the TB with :
(

)

(

)

⁄

where, f(composition) is the function of chemical composition and hardenability,
g(strength) is the term related to strength, and d is the grain size. This equation suggests
that the TB moves to higher values with the increase of hardenability elements, strength
and grain size. In terms of the composition, the HTP alloy design has two obvious
features:
1) high Nb (0.11 wt.%), which was double of the Nb content in the conventional
steel (0.055 wt.%);
2) two more expensive elements Mo and V were replaced with lower cost element
Cr.
Still, the carbon equivalent (CE) for both steels was almost identical (CEIIW: 0.37-0.39,
Pcm: 0.16). This indicates that the hardenability of both steels calculated from the
chemical composition is similar. Meanwhile, as mentioned above, X80 specimen
(Sample 1d) had a finer average prior austenite grain size (only 56% of that of X70
specimen). Hence, the simulated CGHAZ of X80 steel could have lower TB than X70
steel. This was supported by the Charpy impact testing results of simulated CGHAZ
shown in Figure 7-13, which showed 20°C shift of TB to the left for X80 specimen
compared to X70 specimen.

The HAGBs are effective to deflect and therefore inhibit the crack propagation, thus
lead to reduced crack length, and thereby resulting in enhanced toughness performance
[190]. In this study, the substructure inside the prior austenite grain was characterised
by EBSD. The boundary maps covering an area of 180μm×130μm for both specimens
(Figure 7-12) show that the density of HAGBs is at the same level. This is due to the
similarity of microstructure inside the austenite grains having similar fraction of
HAGBs. It is known that the prior austenite grain boundaries can be considered as
HAGBs. Hence, X80 specimen (Sample 1d) with finer prior austenite grains is expected
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to have higher fraction of HAGBs and thus achieve better toughness properties. It
should be noted that this was not reflected in the boundary maps (Figure 7-12) obtained
from the present EBSD investigation. This is because these boundary maps are used to
identify the substructure inside the prior austenite grains and cover only a few austenite
grains.

In this study, the microstructure of simulated CGHAZs for both X80 steel and X70 steel
were examined, and their effects on the toughness properties were investigated.
Simulated CGHAZs of X80 steel exhibited excellent toughness, especially lower TB
(approximately -30°C). This is thought to be due to the more homogeneous
microstructure, finer and more uniform prior austenite grains and lower fraction of M-A.
These findings indicate that the high Nb alloy design combined with HTP technology
can achieve improved low temperature toughness properties without loss of strength.
The HTP steel also provides the potential for development of an economical and
environmentally friendly line pipes by more economical Cr instead of higher cost Mo
and V. Still, to achieve the optimal alloy composition and rolling conditions and to
elucidate the mechanisms involved in the improved mechanical properties, intensive
studies should be continued in the future.

7.5 Conclusions

The influence of HI on microstructure and properties of simulated CGHAZs in HTP
X80 steel with high Nb content (up to 0.11 wt.%) was investigated. The CGHAZ of
HTP X80 steel containing high Nb was produced by Gleeble 3500 simulator at different
HIs from 0.8kJ/mm to 5kJ/mm. The results indicate that good toughness can be
achieved at a wide range of HIs (0.8-5.0kJ/mm). The ductile brittle transition behaviour
of simulated CGHAZ in X80 steel was studied by comparison with that of conventional
X70 steel. In addition, the effect of Nb concentration on grain coarsening in HAZ was
investigated. The following conclusions are drawn:

202

7. Thermal Simulation of Critical HAZ Regions in Nb Microalloyed Steels

1.

The grain coarsening in CGHAZ was effectively inhibited and the prior austenite
grain size was controlled to be around 45-55μm in the HI range of 0.8-3.5kJ/mm.
Considerable grain coarsening occurred at HI of 5.0kJ/mm.

2.

The combined effects of bainite-dominant microstructure, finely dispersed M-A
with low volume fraction and lower degree of austenite grain coarsening
contribute to the good toughness in the simulated CGHAZs.

3.

The microstructure of simulated CGHAZs for both X80 and X70 steels consisted
of predominantly granular bainite, bainitic ferrite and M-A constituents.

4.

The austenite grain size of X80 specimens was much finer than that of X70
specimen. This is because the simulated CGHAZ of X80 steel had a higher
density of precipitates which pin the grain boundaries, and the solute drag force
from the higher solute Nb in X80 specimens is also beneficial for the grain size
control.

5.

The TB of X80 specimen was 20°C lower than the simulated CGHAZ of X70
steel. This is thought to be associated with the homogenous microstructure, fine
austenite grain size and low percentage of M-A.

6.

This study has identified significant benefits of high Nb steels on the grain
coarsening behaviour of microalloyed steels. Steels containing high Nb exhibited
low grain coarsening rate at high temperature (1350°C) that would be
experienced during welding.
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8 Conclusions and Future Work

8.1 Conclusions

Detailed conclusions have been described in Chapter 4, 5, 6 and 7. The general
conclusions are presented in the similar sequence of the chapters as follows.

1) As-deposited Steel Welds with Different Ti/N Ratios



The base metal (BM) microstructure of the studied steels with different Ti/N
ratios consists of fine polygonal ferrite and small amount pearlite and exhibits
excellent toughness.



The microstructural examination of X70 two-pass submerged arc welding (SAW)
joints with various Ti/N ratios indicates that the microstructure of as-deposited
coarse grained heat affected zone (CGHAZ) is composed of bainitic ferrite,
granular ferrite and small amount of martensite-austenite (M-A) constituent.



The toughness of as-deposited weld heat affected zone (HAZ) was reduced
compared to BM. There is no correlation between Ti/N ratio and toughness of
as-deposited weld HAZ. This is because the CGHAZ represents only a small
portion of the welds. Another reason is that the notches of Charpy specimens
sectioned a mixture of both HAZ and weld metal (WM), and thus could not be
equally machined for all tested specimens. This could have an effect on the
Charpy impact testing results.



The inner pass exhibited slightly higher hardness than the outer pass due to the
tempering hardening effect resulting from the subsequent pass.
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2） Thermal Simulation of CGHAZ in X70 Steels with Different Ti/N Ratios



The microstructure of simulated CGHAZ is very similar to the as-deposited
CGHAZ and consists of bainitic ferrite with small amount of M-A constituent.
No significant influence of Ti/N ratio was found on the phase constituents in
simulated CGHAZ.



The simulated CGHAZ of steel with near-stoichiometric ratio of 3.22 exhibited
slightly better toughness compared to the remaining steels, which is thought to
be associated with the higher fraction of fine austenite grains.

3） Thermal Simulation of Intercritically Reheated Coarse Grained Heat
Affected Zone (IC-CGHAZ) in X70 Steels with Different Ti/N Ratios



Two types of M-A constituent were found in the simulated IC-CGHAZs: blocky
M-A along the prior austenite grain boundaries; and fine stringer M-A islands
formed intragranularly.



The increased hardness, reduced toughness in the simulated IC-CGHAZ is
attributed to the formation of blocky M-A, which is the dominant factor to
determine the toughness in the IC-CGHAZ region.



There is no effect of Ti/N ratio on the microstructure and properties of simulated
IC-CGHAZ.



With the increase of reheating temperature within the intercritical temperature
range, the hardness decreases and the toughness increases, which is related to the
morphology, size distribution and fraction of M-A constituent.
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4） Thermal

Simulation

of

Critical

HAZ

Regions

in

Nb-containing

Microalloyed Steels



The simulated CGHAZ of high temperature processing (HTP) X80 steel
exhibited good toughness over a wide range of heat inputs (HIs) ranging from
0.8kJ/mm to 5.0kJ/mm. This can be ascribed to the good thermal stability of
austenite grains in CGHAZ.



The ductile brittle transition temperature (TB) of simulated CGHAZ in HTP X80
steel is 20°C lower compared to conventional X70 steel. This is thought to be
associated with the lower fraction of M-A, finer austenite grain size and
homogenous microstructure.



The HTP X80 steel with high Nb content exhibited lower degree of grain
coarsening in simulated HAZ at peak temperature of 1350°C compared to the
steels containing lower Nb contents.

8.2 Future work



In this study, the X70 steels used to investigate the influence of Ti/N ratio on
CGHAZ toughness contain relatively low Ti concentration. The research results
indicate that there is no significant influence of Ti/N ratio on the CGHAZ
toughness. As shown in Figure 8-1, the author assumed that at low Ti and N
concentrations the CGHAZ toughness was not significantly affected by the Ti/N
ratio. With the increase of Ti concentration, the restriction of Ti/N ratio is
expected to become tighter for the control of CGHAZ toughness. The
investigation of HAZ microstructure and mechanical properties in high Ti line
pipe steels with a wide range of Ti/N ratio would be very valuable for the
pipeline industry.
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Figure 8-1 The limit of Ti, N and Ti/N ratio with respect to HAZ toughness proposed
for future work.



The HTP X80 steel exhibited good weldability over a wide window of welding
conditions. However, the role of Nb in solid solution play in HAZ of line pipe
steels needs to be fully understood. The advanced techniques such as three
dimensional atom probe (3DAP) will be used to characterise the solute Nb in
such steels.



Microstructure properties modelling for the studied steels will form part of the
future work.
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Appendix 1

The Charpy impact energy of base metal (BM) for Set 1 samples (Table 3-1) tested at a
series of temperatures ranged from -80°C to 20°C.
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Appendix 2

The Charpy impact toughness for weld metal (WM) notch at weld centreline of Set 2
steels in Chapter 4.

Impact energy, J
Testing temperature, °C
Individual values

Average value

0

151, 150, 121

141

-20

86, 197, 126

136
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Appendix 3

The scanning electron microscope (SEM) fractographs of as-deposited welds at testing
temperatures of 0°C and -40°C are present for steels with different Ti/N ratios. The
close-ups of Region 1 and Region 2 represent typical regions of heat affected zone
(HAZ) and weld metal (WM). (a) Steel A (Ti/N 1.88) at 0°C; (b) Steel D (Ti/N 3.22) at
0°C; (c) Steel E (Ti/N 4.88) at 0°C; (d) Steel A (Ti/N 1.88) at -40°C; (e) Steel D (Ti/N
3.22) at -40°C; (f) Steel E (Ti/N 4.88) at -40°C.

(a)

Notch line
1
2
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(b)

Notch line
1
2

(c)

Notch line
1
2
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(d)

Notch line
1

(e)

2

Notch line
1

2
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(f)

Notch line
1
2
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Appendix 4

The dilatometry curves of one studied X70 steel are plotted to determine the
transformation temperature during heating and to ensure that the reheating temperature
of simulated intercritically reheated coarse grained heat affected zone (IC-CGHAZ)
thermal cycles is within the intercritical range. Different heating rates of 25°C/s, 50°C/s,
100°C/s and 150°C/s were used. The Ac1 and Ac3 temperatures as a function of heating
rate are summarised. “25-1350-10” represents “heating rate: 25°C/s, peak temperature:
1350°C, cooling rate: 10°C/s”.
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Appendix 5

The macrographs of broken Charpy specimens of simulated coarse grained heat affected
zone (CGHAZ) for both X80 steel and X70 steel tested at temperatures of 0°C, -20°C, 40°C and -60°C.
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